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INTRODUCT ION:

This report is the final technical report for the subject contract.

It is a summary of work accomplished during the period October 1976 -

September 1978. During this period the author was Professor of Engineering

at the University of Missouri - Columbia (UM-C). In late summer 1978 the

author moved to the University of Toronto to assume the Cockburn Chair

of Engineering Design and several students concluded work at UM-C under

direction of the author. The last student completed his work in May,

1979. Sponsorship of the research effort from October 1978 to May 1979

was assisted by the University o' Missouri-Columbia, Engineering

Experiment Station and Department of Mechanical Engineering. In addition,

the University of Toronto supported travel, time supplies reproduction

costs and various items during the conclusion of this effort. The

,ut?.r 5 gratefut to all of these organizations f N,,,lor 1 4 , ,

of the research.

The following sections provide

1) A list of theses supported fully or partially by

the subject contract.

2) A list of publications(with copies enclosed) prepared

for the open literature under this contract.

3) A copy. of the thesis of Mr. James Cox.

4) A concluding statement related to the research.

5) An acknowledgement section.
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A Concluding Statement related to the Research:

l) This research provided significant progress related to modelling

the corrosion pitting fatigue process in aluminum alloys. It

will undoubtedly provide the basis for extensive work in this

area as time progresses.
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A Fractocjraphic Analysis of Flaw Growth In a High Strength
Titanium Alloy
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Introduction

Several service failures of foroed discs made from a hi2h strength
titanium alloy' prompted an investigation of the alloy it) an attempt to
understand the mechanism of failure. Mechanical tests on the alloy of
interest wvere conducted -And the results \%ere reported earlier [1].
Selected spccimons from these tests we:,e examined fractographically in
an attempt to develop additional insiehi into the complex relationship
between environment, loading mode. and inicrostructure. Much of this
wvork wa-s ori-lin-lv accomplishcd duing11 the first six nmonth- of 1Q730 v,'ilc th au!Ihor xas. a! !Lockhehed Rvye (anyon Adva.nce,1d tj;ion in(I
Research Laboratory. Mr. Gary Gos's andl Mr. WValter Fitze ti zd,. i in
pei-forming the scanning andi transmission electron microscopy.

Background

Eng-ineering nmaterials exhibit many different and sometimes complex
mchanisms1,' Of fralcture-. 'ita ni i al loV sy'stems. depenldiuuoncm
position, mann faetu ring method. t hermiomchlanical treatment. loatd ins
SfpeC*itii~n a 1( nviomnd Condition"s. myfra cture b\1 tsveral nicha-
nismns. IDiinpledl rupture. fati.nue stiations, interar~nnhir ciaickinu.
lamniation anrd Cleavage arc se'vcrad of' the fi acture murfac aippeairances
that are ecounk)lltered Inl ficoga lanal'\", e'Of tit0111niu 'lIce'''ii
caince of each sur fa'C and crpondIing frature mleChnir is Ver
irnpoitait ill that ecdh fraicture mode corelates to a cor; espondki ng
energy (of fracirre and resi's'Cne to erack e\tensilon.

1\1MIS 8.1an alpha-beta 'struIctured ti.nRMim a1loV, ouL)lci be C\p)cet(I to
eXhi1bit dIirupI)Lcu i0)(1 Cpr fati1'rr stAtIr an011 d unlder tire pr1oper err% fril1-

niil and sti ess cocndit io'n,,, cleavuec. )ir llrpture, a1 high1 energLy
fi acttire nlodle 'ar (ccii wirc. 'si~tie uidit Cm:rIitons. ;ks ill

a tewr'uiC test, or kdyri.rrrric licodi 11'. Condit l,\, c's, Ill tile t-rr tear porioi'll
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of a crack growth test or due to orientation effects in cyclic loading. In
either case the energy absorbed, due to the high degree of plasticity. is
very high-a desirable fracture mechanism.

Fatigue striations are produced by dynamic loading conditions, and
are an indication that a fracture surface was produced by other than one
cycle (static) failure. A fatigue striation is usually produced by a single
load cycle and the morphology of the striations vary according to the
applied stress. microstructure. frequency. temperature. chemical envi-
ronment, and radiation environment.
The energy relationships of fatigue mechanisms are not understood.

The important fact is that the amount of energy utilized in producing a
striated fracture surface is usually much higher than that for other
fracture mechanisms described below.

Intergranular fracture occurs in titanium alloys when a foreign or
contaminating species atom such as hydrogen. chlorine. etc. concen-
trates at the grain boundaries and weakens the cohesive force betwveen
adjacent grains. In alpha-beta titanium alloys intergranular fracture
usually occurs at prior beta boundaries, as well as along primary alpha
boundaries. At high magnifications the intergranular fracture has a so-
called "rock candy" annearance. v.;th a hich decee-,-e of secondary
cackinig piut, -- of the loss of grain boundar, cc-hcsivc
strength the energy absorbed to separate the grains is very low and there
is little, if any. plastic flow involved in the process.

Cleavage is the last fracture mode of interest in the fracture analysis of
titanium alloys. All of the above processes. with the exception of fatigue
striation formation, have no direct relationship to the crystallography of
the material. Cleavage. on the other hand, is directly rclated to tile
crystallography of the microstLructure and uually occurs on the basal
(0001) plane. Although cleavage and fatigue striations are related to
crystallography they behave much differently x ith regards to slip and
pla tic deformat ion. Striation formation is entirely a consequence of slip.
while the cleavage process in the pure sense is totally devoid of slip
(although cleavage can be induced by plastic strain Incompatibilit ).
Pu, re Cle tiage is the scparation of the atomic bonds with virtuallv no
"plist ic deformation occurring. The fracture suriface of a Cleaved alatelial

is very flat \%itIh "i\er irnkings" that are produced when the crack
front chi;i nges atomic lavers due to impcrl'ctions vithin the crystal
lattice. The energ~y rcquiiied Ito propagate the crack once initiated is very
low; or itiihcd cncrgy i ', Ilceed and the crack proplm.ales very r pidly.
The total Cnei gy to failtteC i, thu, vCy low, relative to pla,,tic flow
proccs,,c. All of Ilic.c friactire modes can be encounIterCd in fr;ctuIC Of'
titanium. I

0



132 A. Hovppner

This report covers the results of an SEM fractographic analysis of IMI
685 Titanium. It covers analysis of static tensile specimnrs with and
without environment, and cracks induced ill the structure durine service
that were opened for sttudy of fractographic features of service induced
cracks.

Results and Discussion

Table I is a listing of the specimens examined. their type and history.
Figures I and 2 describe the geometry of each ty'pe Of specimen. The
test results of each specimen listed, with the exception of' the hub
cracks, have been presentedI in an earlier report Ill covering the test
program.

The discussion section is divided into sepatrate sub-sections covering:
(a) tensile specimen. (b) strain control fatigue specimen. (c) \VOL type
crack growth specimens \\ith and without environment, and (d) opened
cracks from a rcion of the structure.

3 7 5 12 5

.25 00 320CROSS

.25 RSEC TION

.03 R

THD 3/8 -- 24 UNF

ALL DIMENSIONS IN INCHES
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0249+/ 1-8 NFTHREADS
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FIG. IMb. Strai~n contrqIlld Iotm cycle faligue specirnen geometry.

Tensile Specimen

iFimures 3 and* 4 are macro and rn I crphiotmoeraphs Of thle fracture
- men A-1- !( heo c; n!r,.ro (A.i1), iiaistrnzes

the coarseness of the fracture surface. The high dependence of the
frcuemorphology on microstructure can be seen quite clearly in

2.550 ± OC5 IA I
1.783f 005-11-
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094 0 -
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lo .fatr n irscue I ;Ox ,

Fi- 3 Stati -e~l -/'ine A- rri

(a)ne 3(cr . (c ). ill( 4(c).ur sr F iprc ()) n V(c) sho\oin d e dimle d
ltrctr. frtaerltd o11 1~ a cuea o rnicr srruae. 150x.IILI'

r11da- o p sdo' l-akddi pe.Fgrc ()id4()c hl'
micro,,ructura 'Setd ~ ila i l--n ig ilc to ~IiiCId ilpie ver 111c *i1e hi IC dlI I1 f*FII C 3c r

N111Al uge c(tlia ed illple coltililil'. [11cro old, t pic~l o 11alI

stti fr;clrs ar lw i ed I F tn 3d. ~cc'-' crckn o
large ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ;~- fltdlIfd.1."Cl escl l () n () h o

fiacue ic.w r h cf fa hg dge .'~ nc,'1~ kl' a
de e ld ic tt te i -tlr cc ali I ;1~ -1lt i Sle
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ing 300e~ x-. .~-* frctr sufae fact- -

NN .

(c) \'icg h manificationd vic% i.. . I- (b) Vic%~ t sfo c in e Ii fine

ing i crst.tua dcpnOOc dimptle s rac fa.,Cl s. 'Oi

mehnia prprte .11 , fo thIefeseie ltT h, .E e

StanCnrlFigue4 Stictsl pecimen AIP-
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[• . - ..F i n a l F r a c t u r e e g i o n
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Figures 6 and 7 illustrate the modes of fracture encountered in the origin
area. The origin area is not composed entirely of' fatigue striations but
rather a mixtUre of striations and a quasicleavage ty'pe Of fi-ZCttre.
Figure 6(a) demonstrates this mixture %%ell. In Fig. 6(b) the fracturIe
mode changes from a quatsicleavage microstructtura, dependent case to
fatigue striations hich are independent of the alpha-beta structure. The
linear tran.,ition Suggests a gratin boundatry that demonstrates the Lie-
pendence of fracture mode on gritin orienta11ion. A transition flora
fatigue striations to dimpled rupture In Fig. 6(c) ilhLIstratte the reg1ion
near the crack front at final fal!u'e. F7atliuw slriatlins exhibiting cc -
"ary cracking are seen in Fi. 6(d). The fi sen

Figues an 7 llutrat the moelorctu aected i the origine o

the specimen ard environmenl andor stics effects may have cUtPd
the secondairy cracking. figure 7 shows exaimples of fati e striated

fields ia the sitchar of the apcimpn. Winy :ucai such ts 7(b) and 7(c)
exhibit tritionlly ugets lim strit s, ul othdes nstr as 7(a)1de
a confusg app nce. In Fin 7(i), the crack is prop:tg;tion from
bottoi to top snd appleutly chin,, diection b 90u striat t . Ac-
a rillk, a el pntin Oe licro.,dl.cluc exclts l strong inflcrce oia the
th pcmnadeuiomna n rsrs fet a aecue
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crack morphology and the alpha-beta microstructure is seen in the
striation topography. Caution must be used so that alpha-beta lamellar
fields are not mkitaken for striaition fields.

A strain control fatigue specimien fracture surface exhibits many,
fracture modes and appearances and care must be taken lest erroneous
interpretations and conclusions be made. It is important to note here
that the mixed fracture modes apparent on a fatigue specimen could
yield marked changes in crack growth rates at either -microstructural"
or "macrostructural" levels.

-AA

(a) Origin area sho\\ing fracture (b) Chant.. of fructure mode, 120x.
flow patterns. 220x.

(c) C'h:ngc of troctm ui ~ ~,fe( d Fatrtj'uc '.E;Lion c~Iiiinrg \CC-
onci y mi~ing. 30(X).

Fici. 6. L ow cycle f.,ritue specirncni A-11t 1PU.
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%44

(a) Fatigue stiriated area exhibiting Nb Striated area %Nith grain hounul-
microstnictura! dependence. 2100,(. an, and secondar cracks. 2lRX)x.

-1 r

(c) VWtlIdefined striations. 2100x.

FIG. 7. Low % ccle fatigue specimen A-HI PT- 1.

WOL Type Crack Growth Specimens

71'hrivc crack growth specimlens were examined. They v\ cre selected to
mliate! hiaseline (I 0 117., roo00 trnipcvrtue . d; y a)fracture beh.,vior).

sustaifned load (5 mnin. loaded 's mii. uiniloaded, room temnpe raturec. d rv
air) bhlavioi and erivijoniental (ISO0 mi n . hold. dejoni ied \s ater. rooml
temperatuie) bha' iior. Thev arc labeled F-9. H-25, and E-8 respce-

Figure 8 presents the miacro nd ni ifraturelI NurfaICe a1ppeace~l (If
Speclimen i I -1. Ni iich of' thle 5thface shlownin III b I) is comlposed oit Lii ge
flat Iegionls that Show little evIienc:e of dutIlC i tiptlire or tatyneti
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striations. At higher malgnification as in 8(c) the flat regions resemble the
quasicleavalci as seen in the strain control fatigue specimen A-tIAPT-I.
As the crack propagated further into the specimen and attained higher
AK values, the large flat regions diminish in size and number. Fvidence
of a change in morphology can be seen in 8d-f. Well defined fatigue
striations are evident in 8(d) as well as 8(e) while debris covers the
fracture surface in 8(f).

The fracture surface is not composed of evenly distributed striated
areas but a mixed mode of quasicleavage regions and striated fields that
make it difficult or impossible to assess crack growth rate by striation
spacing measurement. Growth rates are more properly evaluated by
surface crack measurement techniques.

The sustained load specimen 1-25. Fig. 9. demonstrates a dramatic
change in fracture surface morphology at the transition from precrack to
test. The precrack region exhibits much the same appearance as the
baseline specimen ["-9. Fig. 8. That is. fields of quasicleavage and
striations as seen at higher magnification in Figs. 9(c) and 9(d). Figure
9(d) sho~ks the transition from precrack to test. The precrack striations
propagate from the left in a uniform field and abruptly change to more
widely spaced microstructurallv affected striations on the right. The tet
area in Fl l() Is very ctore v\ Nh nari. , lcoidarv cra cks; mre-;ent. i he
sustained load appears to have the same effect on crack morphology as
environmental attack in many other materials, and crack propagation
rates are virtually impossible to determine because of this effect. Some
fields of fatigue or cyclic loading striations are present in the test region
as seen in Fig. 9(e). but the major portion is composed of quasicleavage
as seen in Fig. 9(f). Sustained load then has the effect of coarsening the
surface topographyll and lessening the probability of striation formation.
A comparison of Figs. 9() and 8(e) demonstrates this effect. Thus. t
change in the micromechanics of crack growtll obviously is occurring
with sustained load.

The effects of sustained load in combination with an environmnlet of
deionized vatcr on WOt. Specimen [--8 are seen in Fig. 10. A compaii-
son of Figs. 10( ) and 9(b) and 8(b) illustratcs the dramatic change iII
fracture morpho!ogy Mien the vet enviiron me nt is i mpo'.cd. In Fig. 1t)9b1
the prectrack region is o.ii the left v\ith the crt,,k propagating from lft to
ri, ht. The prectrack region is very similar to tlie two prCvio us specimen
precrack lCions. In the test region tile topography is very blo cky % ith
high degrce (if ,ecolldaly cricking' in cvidencC. I:11,tuc I(c) is a1 precrack
to test transitiol re.itIon \icre the crack prop:ga:tting il a1 fla1t noii-
striated, non dinplcd niodc aftcr the trnsition is sccn to propajate in A
brittle tltl;si-clealvagc Illodc. I'itit 101(c) pleCents the transitionl aret

0
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N -7
(c) H-1t fracture mode in piLerak to test (d) Precratek region. 300x.
tranlsjion region. 3O4)X.

[:7, 7
-A

A

(e ~cac-e, ta~in ein 2<S().etrgin 0x

ecounr~c~c~e t iin rvov eion 250xlln. (f) cstg reas iresee .

Figs. I 1(h) ;Indl I[(d) Milhle fa,-tiguec striated areas are evident inI Figs.
I 1(c). I 1(e). and I 1(I) is a vie%% of t hc prohahlc oi1gin area and 1s secli In
greater detail in i g. 12. The dmi ke, fan-shaped area Is the suspected
origin because allI fiacttire flow linies originate or Propagate Iloml this
region. is.12(b) and I1?(L) detail the k-ft portion of (lie region shox\ n in
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(a) Fan shaiped origin area. I i0x (b) Void near probable origin. 1000x .

(c Patlzcs near probablte origin.
1500 x.

Fro,. 12. Oiigin areai of ,pc,:imcn H-A.

To determine if there is any chremicarl peculiar it associated kith the
void arid surrounding area an FK lA N (Fnri.ry Dispersive A nalysis of' N-
rays) a nalysis wals pe rfoinmed. Figurre ii presents tlie reswi ts of, tl'it

nayis. Figuires 15(a) anrd 15(b) C.o th eino ievid (in both
fracture surf~aces . It is interesting to note the prese rce (if pairticles
surrondl ri tilie Vold on) one sirrfAce a ndl a Corre CSpo01nt depressoi01 or
hole onl tile opposite sill , ice. Figures 15(c) and 15(d) are thle 1K! A N
reardourts for thle tractmcre indicate-d in Nita) and 150)) rect,)Cively'. In
IFigire I 5(c) thle bars represenit the base rnetIA l shning alrririiiri .1a

small am1olrint oif sili:on, zir-conliumi arnd titanium. The ds represent tile
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(C ai urf-ion, 125x. (d) Fatigue region. lO~x.

FI.1. fu rA scimc B1-.

(nillc) tillg gO Il"Iil ofn the cFlk h m v rigu(lie io 7c l g~Itc hl

inititryn cofuhd prile at liet edges 11\1or thelllc void.cl Thysot ihe
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~. ->, ] extension

~ ~ in service

(a) Macro surface. 10x.

*eI L

(b) Origin area. 90x. (c) Void at origin. 500x.

FIG. 14. Hub crack specmen 118-3.

proper strain field, strain values, local chemistry and, microstruCtUre.
and texture other local disconti nttitICS such ats voids or grain bou ndary
triple points could atko initiate 111 he fIlUre. A highcr t h;;n normal level of
silicon \\ais indicated around the void as seen in Fig. 15(d). This is in
agreement with the results presented in reference 12).

Conclusions

TL tiaiii allo\ studied here-in. IMII 685. hehaves mutch the same ats
offier tita11nim alloy" in static tcnsile properieis. 'I hat is, the strcuilhi and
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1~ IF- tv

(a) ars-wayfromthe ole dot-on (b) Bars-away from hole: dots-at
partile. 20OX.edge of hole. 000x.

(c) FDAX comlposition dedermlination of (d) E ')AN composition determination
Surfice ill Fig. I 5(jj). Of surface in Fig. i5(b).

Fir- 15.

ductility arc Within spccifiedl limits. 1,1we fracture surfaice is comnposed oIf
highly ductile fracture modes. \\ hile thle fraclurc mnorphology exhibits at
strong dependenice onl nicrostructure.

The strain controlled fatigue Ibchavi'I b X ilih ted wedl defined fat i ue
str at iolns mli ~ek withl a ta s1ic leavaige :ipp . rancc in tile origin t rea. The
fracture miode lenrued to lie dependent onl gralin1 one ntit ion. oten
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changing modes upon encountering a grain boundary. Again the fracture
appearance Was typical For a titanitum strain controlled fatigue specimen.

Specimens F-25 and E-8. hold time and hold time with deionized
Watter, respectively, propagated almost entirely by qtiasicleavage which
corroborates the accelerated growth rates for the specimens with res;pect
to the baseline specimen 17-9. The kinetics of this process andi mechanics
will undoubtedly be rigorously explored in the future.

The hub crack specimens probably initiated in regions containing!
silicate precipitates but more importantly propagated by a quasiceav'age

* mode that led to accelerated observed crack growth rates under given
stress conditions. The inservice cracks propagated due to alternating
loads, as indicated by the presence of the striations. The presence of
large amounts of cleavage facets and delamination leads to the conclu-
sion that the hold-time during service loading also w as a factor in the
accelerated crack growth that was observed.

The author is grateful to numerous colleaguaes for interaction andl
encouragemeint. These brief reflections wiere put together ini the hopvus
that an ' insighlts gained deuring? the 1972-73 periodI maY aid our
understanding of these most interesting phenoniena. I owe an exvtreme

.,ItFOr..twt,, ;.'i ilayv ro//ata ces at Lockheed Ca/ifortzikt Co., RolI.
Royce (i171) Lhiicdl (Dcrb v). aLiSp iber C. tcr. a-u :h
UniversitY of Missouri. I amn especial/vy grateful to Chris Best and Rosire
Jamieson for their patience in t 'yping awd layout of the manluscript. It.
addition, I wvant to express aI debt of grat~tude to .)r-. Patid Braisted.
Cbairna171 Of the MtAE Department (it Ut IC, for providling the opportu-
nitY to sift andI ivinnow in a free fashion.
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EFFECT OF MICROSTRUCTURE ON FATIGUE CRACK GROWTH BEHAVIOR IN4 FORGED MATERIALS

0. Hoeppner

The effect of microstructure on fatigue-crack growth of a model structural
Imaterial is investigated. It is sho ;n that fatigue-crack growth in this

- ." model material is strongly dependent on local microstructure. A nuber of
,N-~ crack growth experiments are presented that dramatize the potential role
* -of niicrostructure. It is suggested that *the cu~rrent two parameter approach

Ito fatigue-crack growdth study in vogue is not adequite to assess the role of
~~ microstructure in the fatigue process. K~atier, a r.iore physically Dased and

matheriaticafly rational curve fitting procedure is suggested. Use of a
better curve fitting approach will permit the examination of the role of
microstructure in fatigue-crack growth in a more realistic way.

4 From the results of this study, it is concluded that optimum fatigue-crack
growth resistance can be developed by alloy tailoring through chemistry and

~' process manipulation.

iCu inl

ih: 7900-C and

Professor of Engineering

College of Engineering, University of Missouri

Columbia, M-issouri U. S. A.

/1. 1 NTROUUCT IOn. Ever since "scientific" research into factors that aftect
- -- fatgue ehaior as een ndewayth.rre has been considerable effort expended

toward develcping insigrit into the role of riicrostructure in fatigue. It
appears that after somec years, and a large numLor oip~ cair ht la 'e
been directed toward resolution of differences relatc-d to the role of ricro-
structure, a grcat Jeal of cuonfusion still exits nadetoToerfac
ture r~ocianics has not nelped to c lear things Lip e ther. This conforcence is
enti tIeo Foqn ci m nd Pronrt i e of P> ros;p-)r rater ials. it seems to re that

-there is an ir;pl icatlion in the title tt forclinq piac tisc can n-odify thc
prorties, of a material. moed, many of trie pj,,'prs at th ofeec i1l
trate tnis point. In this trier p~rper it is my intention to once again atteript
to show that ncrcistructure is a major 1 actor in the fat ique-cracl: gro,,.tn

e.!) behavior of materials.

I 1 s!This Concept certainly is not new. Alan Griffith1l pointed thre way for us in
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his classic treatise 6n flow, and tractur2. Let us take I brief look (It Som", indicates
Wof the staterioents that Dr. Griffi th madle reqIirding the potential for- modifying jby Convert

the irechanical properties of a struc~tural nute rlal. **rofl tn-e engineering apparent t
stand point the chief Interest of the forcrjninj work centrus round the sugges- in r.iateria
tion that enormous improvement is possiblo in the properties of struictural p.24i, sta
iraterials. Of secondary, but still considerable, irportance is the demronstra- rates for

tothttemtosol tret esti.i:ation In cc.ton use mlay lead in so-re Showqs that
cases to serious error.,. ' . "In the case of ductile rmetals, the effect Cbonicin env
of scratches is important only under alternating or repe~ated stresses. On the propterties
theory advanced in tne preceeding section, fatique taiture under such stresses as to whetl
is determined Dy phenomena %v hich occur (it the intercrystalline boundaries. 1I things, usl

p. 193.As a resuli

"The Most obvious means of making the tneoretical rolecular tenacity available fele:-ents oi
for technical purposes is to oreak up the molecular sheet-for.maticn anu o 50 redte/ in!
eliminate the "Flaws." In the case of crystalline m.~terial this has the fur- 'brfef kffor
trier advantage of eliminatirg yield and pro'b-ably also fatique failure.. .... Of rAi rostl
"These consicerations suggerst that if a piece of mnetal %:ere rendered completely j many/of in;
amorpnous by cold working, and then suitably neat-treated, its roleculus might ,mjot intrl
take up the stable strong configuration already described. The theory indi- I-ow.tn bon,
Cates, however, that over-straining tends to set up tensile stresses in the Ias the crys
unchangedi parts of the crystals which may start cracks long before d.ecrystal- jinli'Jt ori
lization is cc-plete. Such crackinq could be prevented if tne over-straining ma<1 tb

weecridotudrasufticiently great hydrostatic pressure, and this cor-genien-,
line of research see7m-s to be well worth following up."...."The problem may ex~i-ple of
be attacked in another way. As has becn seen, the theory succests that the tize thie Lr
drop in stress at tha initiation of yield is due to --he surface energy of the irhteridl se
intercrystal tecundaries. Thus, the yield point may be raised ty "r-Efining" tier.).
the rietal, i.e., so heat-treating it as to reduce tne size of the crystals.
Tthe limit of refinement is, doubtless, reached %wh.en each "crystal" contains t urrantl'.

hi- ; c'nn. -rpn d the, material is then in the strong stable state Uni'ie rs i ty
alrEady I- '~~

'Refining is also of great value in corincct~on w.ith resistance to fatigue
failure. Suppose, in accordance with the fo;-Zcoing theory of fatinue, that
one crystal has been fractured, then the general criterion ol ruoture stolvs & CL'RPENJ
tnat the crack cannot spread unless the material IS subjected to a certain vehiclei an
t.inifiium stress, ;w.hich is greate'r the smaller tne crack., Thus, reducing the i Alakrial sp
size of the crystals increases the stress recessary to cause the initial cracK 6,sur-e rlI-
to extend."1' p. 194-195. 1hod been siu

Thus, Or. Griffith suggests that a minimum energy threshold for crack grow.-th fStrer, ' ; S
tensi = str

exists and that the threshold and subsequent rate of growth of the crack is controls to
influ-enced Lv "mnolecuiar ittraction," grain size and texture. Certainly,
since thec tiiwe Dr. Griffith )ut forth his classic ideas which served as the Early aircr
forralizea beoinning of encr-cy concepts applied to fracture and le-, to fracture yielc: Strer
reclhnrics, %we have added to our res!?rvoir of kno,.!lodno regarding tre growath f~i-u des
of crac.s. Actually, even thougjh ructhods of -modifyirg tie 'strength' of a oc_.sa
solid ware su.,,gestcd by Criffith, t .ere still, is someo confwsicon if) trie tech- conce;.ts, a.
nical ccmniity as to wntier rai fyir~q the microstTrJCturc *can mcci fy the Metri;ue-cra
fatiri-je-cra ck crowth belnuvior. (I van thoutdh roany ot us in it tend~ance a', this
Conference generally 3 ree that microstrUCture is 6 r~jor factor influencing
the "strc-n(tLh" ot solids.) Let we drarutizc this point by quoting from a *Dv
recent paper presented in a U.S. journal oi ivide 'popular' distribution. .1 insp

"The fact that the inert-envircnrient fatique crack growth prope:'ties of differ- Et
ent all Ioys %,i th In a g iven metaI scteiw a re s Iin ilar i nd ica tes tha t fa t igue 1 c0 t
crack growth rate tenivior is essentially iirne,)c'ndnt of ttie alloy's conven-
tional ceorNanlical anid roelallurgicil properties. This observation further
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look at some Indicates that such fatigue crack growth rate behavior cannot be controlled
1 tio ,.odifying by conventional alloy developlent or heat treating techniques. Thus, it is
en ing apparent that this fatigue crack growth behavior is not a pertinent factor .3
nd Wsugges- Ir, materials selection considerations." A recent book on "Fracture Control
structural p.243. states "... the use 01 a single equation to predict fatigue-crack-growth
the demonstra- rates for these steels may be justified." ...... "The preceeding discussion

lead in so-e shows that the region II fatigue-crack-growth rate behavior ot steels in a
is, tne effect benign environment is essentially independent or mechanical and metallurgical
resses. On the properties ot the material." These latter references might raise some question
r such stresses as to whether we'd want to take Dr. Griftith's suggestion and, among other
boundaries."1  things, use forging to niodity tne fatigue-crack growth behavior of a solid.

As a result of certain exciting events of 1973, among other things, various
acity available elerierts of the technical comm;unity are now directing effort toward developing
tion ana so greater insight into the role of microstructure in tatigue-crack growth. This
s nas the fur- brief effort was in part directed toward adding further insignt into the role
ilure." of microstructure in crack growth. The hypothesis of this work, as with so
red cc-pletely many of my own researches in the past, is that microstructure is one of tne

-olecules might major intrinsic characteristics of a solid that determines its fatigue-crack
theory indi- growth beha'vior. Obviously, the basic alloy chemistry is a factor, as well
sscs in the as the crystallographic texture. For the purposes of this paper, I choose to
re d-tcrystal- include orientation (texture) effects as part of the microstructure (tu-i±s
ver-straining may not be convention but in tne manner that the work shall unfold it is not
, ar, t -is convenient nereir, to-separate the local orientation effects). Following the
rne prcble.n ray exariple of Dr. Griffith ( and others ) a model material is selected to drama-
ts that the tize the inmportance that microstructure plays in ratigue-crack qrowth. The
enercy of the material selected is a titanium alloy (Ti-6AI-5Zr-O.5 ;'No -- nominal composi-
S rcfirir.g" tion).
,e crystals.
,! contains Currently, a rather extensive etfort on this subject is underway at the
ble state University of tissouri. A list of. t.;ees and dissertations appended to this

paper provides much wore detail than that included herein.

:i9 hat
pture sr;'-;s 2. CURPErT DLSIGN: CONCEPTS. As the service requirements for aerospace
a certain vehicles and engines have become more demandini, the design prccedures and

1uICing the material specifications have of necessity become more strinqent in order to
initial crack assure reliable and safe operational performance of the structure. Initiallv it

had been sufficient to procure materials with concern only for the tensile
strength specification. As der.iands or. materials increased the upward push of

rack rrrc',,th tensile strenoth level necessitated improvements in process and inspection
he crack is controls to assure proper reliaoility.
ert3inly,
rv.-cd as the Early aircraft and engine designs wetore based, in the main, on ultimate and
Ic t- fracture yield strength criteria. Tne design methoduloqy thcn evolved to include
t e rc..th fatique design moticdology (stress cycling S-ri concepts), strain cycl rig

r. ; of a concepts, and more recently linear ela-stic fracture mechanics procedures, and
.r. tri tch- fatigu.-crack g concepts. The develop!er-nt of eacri of these design
-ify' t',e P.ethodologies has proviued another tool to aid thp designer in:

ii. cLnc 5 rg Irproving structural reliability
3j frei e 0 Developing viblc material, process, raw material, and
iUtiCo .2, p.'' inspections and controls

0 Establishi ng tne dcesii life
.ic: of differ- 6 Setting opciruting strtsS or strain allowables
f.1 ti ."IC 4 Coiipcnent siziicj arid c0iifi :u r irig

* n,' ' S vcn-

I further
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Each of these nethodologies is somewhat dirferent but all are directed at
the five stated objectives. This paper deals witn the concept of fatigue-
crack growth, as stated. FATIGUE CnA

CROtN RAI
lhe development of fatigue-cracK growth design procedures n.ive evolved ad/Af,,
rapidly in tne past 20 years 4. Tne procedure involves an evaluation of a INCH/CYCLC
rate equation from an initial flaw size to a critical flaw size. Tne rate (LOG SCALE)

equation is typically of the form:

da/dN = f(S, a, 4) (1)

where da/dN is the fatigue-crack growth rate, in./cycle, f(S,a,f) is a func-
tiondl relationship between the gross stress (S), crack length (a) and part
geometry, 4.

One of the conmon empirical descriptions of the crack growth rate is the
equation,

da/drl.= C (AK) n  (2)

where AK is the stress intensity range (K t' - K i) and C and n are empirical

constants. However, this equation is not general y valid over the full range
of da/dN values. Unfortunately, many papers related to fatigue-crack growth
have dealt cnly with the limited rance of applicability of the above equation
to the fatigue crack extension process.

Even though fracture toughness (K. or KQ,) initial flaw size, and stress all Figur
have a role in life prediction anaysi s, it has frequently been found that
microstructural influences, Environment, load ratio, wave form, frequency
(or tire), and spectrun can have an overriding influence on the fatigue-crack
rate and related life prediction analysis. I
Equation 2 is usually evaluated by conducting fadtfue-crack growth tests prcces z
utilizing "standard" test variables. The data then are plotted in the form of cracking b

Figure 1. The curve is comprised of three ,:ajor line seqmients, indicated on scopicaldy
the figure as segments 1, 2, 3. Segments 2 and 3 are the segments that have I has tra it
received the greatest zrnount of study (equation 2 normally being applied to
segment 2). Very little attention has been given to the area in or near the In i
threshold - segment I. In addition, many of the studies carried out on sag- * Pro
ments 2 and 3 have not considered microstructural variables and rarely has/, Fin
the range of external variables such as environment, wave-form, frequency,
load ratio, and spectrum been systematically studied in an evaluation program. TMe imnort
This has often resulted in the developnent of laboratory data which is of pfocess ha
limited applicability to the analysis of actual service conditions. t

Ma ny resea
If any equation of the form of Equation 2 is to provide a reliable methodoloqy cack pr
for fatigue life prediction, the contributions of the variables microstructure, when corop'
environment, waveform, frequency, load ratio, and spectrums, rust be considered conflictir
in detail. Those variables could have major effects in seg.nent 1, and could co4siderati
have signific-2nt effects in seqmr-nts 2 and 3. Note that the low LK region Prpag3to
(segment 1) %.,here microstructural effects nav be qreatest is the region where
the majority of the allowable fatigue life frequently is expended. Totial Fati

has~a signi
It is for the reasons stated above that the authors quoted earlier concluded strnoth fthat alloy development and process development have no effect on fatigue crack rir.n ry alp

growth. It is asserted here that that statenment is not a correct interpreta- that workin
tion of the data that result from fatigue-crack growth tests. whil forgi

Pri 7 beta
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crack r;t
bove equationl

nd stress all IFicurr' 1. Tvi~ nrit nr f~i .. ---.. 1.
ti 1 elastic frTaCtUr Mechari CS correla tin

fr Ozy
fati-crack

1 3. THE EFFECT OF TITANIUM IICROST]hUCTURE ON DYN~AMIC BEHAVIOR. The fatigue
th tests t process begins with dislocation motion generating slip bands that lead to
in 'he' formi of cracking, with the subsequent gro,:th of-the crack nori:ally described macro-
indicated onl scopically in tervis of the laws of continuum mechanics. The fatigue process
,s th.,* have has traditionally been divided into three stages, namely
applied to
or near the * Initiation
out on segj- * Propagation
r-arely has * Final Fracture

.tictin e(rm The importance that metallurgical factors play in eachi stage of the fatigue
ch is of process has been discussed by floeppner. 5

Many resfarctr pro~wzims have booc, pt',forwc-d to study the mechanisi;,s of fatigue-
crack propaqiti .of) arnd initiation in Ti alloys. Hiaaever, sowe conflict exists

icrostru~turewhen c:[rI , C'ul ts from different programis. So~vo i-c-ol utiori of the
bv cvr:s j~re conflict mni deita and ident ifica tion of treonds can be accoriplished tby separate

,and could cons iderta ti1on of total fatifjue life (S-fl), tirte for crack nucleation, and crack
i' rclo propaaLi on rates.

Total Falt i(IL Life - Several research nro~jraris have indicated niicros tructure

r cc.,:cju,!uj hds asitjn~ificate ffect or fatiqrue life. (bart 16 iretorted increcascd fatigue
0 t C Id ' L5 treg th fof t eiii I Ic iti:ci st to L)i poic ed lirfe r; irnod a Ipho -teta or f ine

f~t~ c'akDrirrary alpha and '11101. i'ew. 1.uca,. 7 vxcilinrrz( hiqh cycle fdt irlue and found
trrrtA hat wjor'kirtf at 1 ?1/'F fproduLJCd ?,o-'J per'Fcent iricit risc. in fatiguwe strength

while fur( li ra just above the beta tyin,.kis produced (0 re--ce:nt inicy re , s
pi for bVta tjia in !Si ,v hod lit LI infl uce c, tout (f iir alh iIl(ra il sizes
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Increased fatique strenqth. 'For low cycle fatigue, Satlar et al. 8 found As might
little difference In lives of three separate structures containing 10 percent are simil
primary alpha, 50 percent primary alpha and transformed beta. In contrast, alpha gra
Sprague et al.9 found that a cearscncd alpha phase haid poor low-cycle fatigue again nia)
life and that high temperature thermal mechanical working to nroduce a1,lne ttires nay
alpha-beta substructure increased fatigue life. Bowun and Stubbington
found that alpha-beta working improved low-cycle fdtigue strenfqth. They The Effec
ascribed the improvement to a decrease in the mf;an free slip path caused by a for fatig
reduction in prior beta grain size, refine'ent of alpha qrain size, and intro- the role
duction of averaged alpha prime inartensites. Spdrksl found that refinemnent dhat "...
of prior beta grain size increased fatigue life and eliminated directionality. plastic b
Differences in fatigue strength between srr.all rolled bar and thick forf , bar Cycled ca

forq~ ar . ature of'
were ascribed to differences in microstructure by Stubbinrton and Bcweni .

The small bar, which showed 50 percent better fatigue strength, had received Robinson
large alpha-beta reductions to produce complete recrystallization and a finer tially pu
grain size. In contrast the large bars were only partially recrystallized identifie
and so.-e of the prior beta grain structure remained. Orientati

sensitive
For the most part, these results all indicate that a fine grained alpha 4nd Birkb
rmoterial will have improved S-N fatigue life over a large grained alpha struc- grain exe
ture. The fatigue life may be altered by either strong alpha or beta tex-
turing. The fatigue lives of fine grained beta rateriali also appear to be Robinson
quite good. Thus, the earlier statements of A. Griffith" are being verified, on grain

Crack Nucleation - Low cycle .atigue-crack initiation in Ti-6A1-4V(STA) was 
the grain

studied by 'Wells and Sullivan '. Fatigue cracks initiated primarily in slip
bands within the alpha phase Particles with some cracks forming at the inter-
face between the alpha and transformed beta phases. Fatiguc-crack initiation Fatique-c
in Ti-6AI-4V(eA) was investigated by Denson et a11 4 who found that under found tha
conditions of low stress at room temperature, cracks initiated at the alpha- the linki
beta phase interface. For high stress at room tei'perature, high and low lapplied s
stresses at 600 0F, cracks were initiated in slip-bands within the alpha :at 600 0F,

- a i r...i.n cOU'2d be found between crack initiation and deforration 'Stage I g
4- 'ns, as prevousl no ted fo r alpha i ra-niumrI3 act l.f

Yuen and
Duriig low-cycle fatigue of Ti-6AI-4V, Spreque et al. 9 noted crack initiation fornation
at priimary alpha phase interfaces, and that finer aloha particle size increased land Bo-en
resistance to crack initiation. Other work also noted that crack initiation K= 0
at low stresses occurs more readily for structures containinir, coarse alpha, scribed
either acicular or equiaxed. ip. The

Work ty Stubbinqton and Bowen
12 related low fatigue strength to early initia- rain siz

tion and growth of Stage I cracks caused by localized plastic strain in large signifi
prior beta grains. For this case texture of the forged bars limited the f A-Cl
number of active slip systems and restricted the slip to a few properly ntainin
oriented beta grains (inhomogeneous slip). Alpha-beta working of the beta *th the
annealed bars improved the crack initiation resistance, both by a refinemrent highest f
of prior beta and alpha grain sizes (smaller Pmean free slip paths reduce the t eated a
magnitude of localized plastic strain) and a modification of the texture d e to cr
(more homnogeneous slip distribution).

F'rrigan
A recent study used a computer imaging approach to quantify the microstructure Pr cessin
characteristics. A variety of geom-:etric parameters appeared to correlate with fa igue-c
crack initiation and cycles to a 1/32-inch crack length. While some technical co tents,
difficulties still exist the potential usefulness of the approach was demon- anl beta
strated for tensile and fracture toughncss estimations. (I -t) and

if-prover.e
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l. undI As might be expected, the general trends observed for fatigue crack nucleation

I percent are similar to those noted for S-N fatigue life in that smaller primary
In trastu alpha grain sizes increase the time for crack nucleation. Texture effects
I-educe fa in;e again may reduce the cycles to nucleate a crack and transformed beta struc-
iot a n I tures may show relatively short crack nucleation times.

Ith. They The Effect of Microstructure on Fatigue Crack Propagation - As was the case
;th caused by a for fatigue life ard crack initiation, some disagreement exists concerning
ize, and intro- the role of microstructure in fatigue-crack propagation. Laird1 5 maintained
iat refinc.ent that "...there was only one general mechanism of fatigue-crack growth, that of
directionality plastic blunting, so that the microstructure of the material being fatigue

b cycled can change only the kinetics of crack propagation, not the general •
ick fofrg. bar nature of the process."
mnd E'owenl .
* had received Robinson and Beevers16 performed fatigue-crack propagation tests on cor=,er-
on and a finer cially pure alpha-titanium alloys and two distinct modes of crack growth were
rystallized Identified. At low-growth rates the crack path was highly dependent on the

orientationlof the grain the crack was traversing. This microstructurallyl 7
sensitive Stage I[ crack growth has also been noted by Hoeppner for copper

ed alpha and Dirkbeck et al. 18 for low carbon steel. At high-crack growth rates the
ed alpha struc- grain exerted little influence on the crack path.
r beta tex-
a-,Dear to be Robinson and Beevers16 have suggested that the extent of crack path dependence
irg verified. on grain orientation was greatest when crack tip plasticity was less than

the grain size. This would indicate that the ,ajor influence of nicrostruc-
4':(STy) was ture on fatigue-crack growth would be most pronounced at low LK and Kmax values.
rily in slip
at the inter- 14
czk initiation Fatigue-crack propagation in Ti-6AJ-4V(MA) was studied by Benson et al. who
at un-der found that for lo,. stress at room'tc-nerature, Stage I cracking started with

- p-:- the llnn.nq or ainna-cr, ta ir.errace craCKS qrowrnq ai '1 d19 LU Lht

applied stress. At higher stresses at room temperature and for all stresses
_ a  at 600*F, Stage I cracking proceeded by the linking of slip-band cracks. All
def ration Stage I growth was transgranular, as was all Stage I[ growth. Profuse twinning

accompanied crack15rowth but did not appear to affect crack growth rates.
Yuen and Leverant showed that a transition from cleavage to striation

k initiation formation occurred at a LK = 12000 psi /in. for Ti-6AI-4(; .A). Stubbington
size increased and Boer12 found a transition between Stage I and Stage I cracking at a
nitatinAK = 12000 psi Vin. for Ti-6AI-4W'. The transition for both phenomena was

rse alpha, ascribed to a change from sil slip to multiple slip systets at the crack
tip. The same investigators also found that a refinement of prior beta

arly iitia- grain size increased resistance to Stage I crack growth.

ain in large A significant dependence of fatigue-cr,;cl growth rates on the microstructure
to ! tie of Ti-Al-6V-2Sn was shown by Anatcau et al. 20. Mill annealed material

:!-I containing equiaxed primary alpha had the lo:est crack propagation resistance,
t*mc b-Cta with the acicular alphi structure resulting from beta annealing sto.:,nq the
refinc .:ent highest fatigue-crack growth resistance by a factor of four. the solution
?r*.L. tK; I treated and aged structure also displayed hi.h fatire-crack rc...th resistance
texture due to crack branching and deviation around primary alpha particles.

21
'.arriqcrn et al. examined the effect of aluminum plus oxygen content end

CI-,str cture proces,,ing pardmoter , on frtigue-crack grovth in Ii-CAl-iV. Improverients in
rielate v.ith fatigue-crack .r1wI.h ,,t% ;.ere o, tairL!d i decrersinn oxjluen and alw,",inir,i

tt cini cl contents, especially for the RW ori(ritation. lhe rocrystallized anrneal (P.A)
. don.ant and beta arnerial prorducLs sliowd low.,er crack growth rates than thi annea led

(MA) and sol t ion- tr.,ted,.i,verc.(qed ('I10A) products. For the PA n:terial, the
improve:ent was dui: to full recrystallization arid an equiaxrd, fine-grained
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alpha-bcta structure. For the hetaniaterfal, the 1;1rovernent was due to S. SPECI
refinement in prior beta grain size and a fine acicular alpha structure. 3. Figure 4Fatigue prec

Bowen22 examined the role of texture In the growth of fatigue cracks in precrack len
Ti-6AI-4V bar. Crack groith was Controlled by the t,:xture in the alpha growth tests
phase and the relevant slip systcqns for an orlentatiorn. Crack growth at low load was in'
rates was totally crystallographic. P.pid-crack qrojth was associited with each specirie
cleavage or ductile tear nodes of crack advance. Ilarrigan et al.23 found made and the
basal plane textures control the fatigue -crack growth rate in Ti-6AI-2Sn- and number o
4Zr-6io. readings wer

large prior
The preceding discussion stresses a general conclusion of all of the papers given specin
reviewed: the more tortt:o,:s the crack path, the slouier will be the crystal- deal. Ho'.iev
lographic cracking, as long as cleavage and ductile tear are not caused, test techniq

followed. T

Air.ateau et a.
20 also sho,.ed that no existing crack-growth 

model4 could be

used to describe the ranking of.microstructure or the ragnitude of crack-growth
rates.

Additional work on the role of microstructure by this author and his collea-
gues has addcd further verification to Or. Griffith's earlier observation24-2 6. Constiti
Further reference to the effect of ricrostructure on faLigue is provided in
references 27-35. From the extensive literature available it now appears Aluminui
possible to state in conceptual energy terns the physical process of fatigue Zirconii
crack growth. It is possible to cross an energy threshold that will produce Iolybde
fatigue crack growth. When observation techniques pernait, that growth can be Silicon
quantified in crack gro.ith rate (da/d(,) terms. After this energy threshold is Iron (F1
crossed, "the crack" propagates under continued fluctuations of load. On a 1iydrogei
time interval basis it should be clear that the rate of crack extension is
related to the resistance it encounters from the surrounding material. This *Con.er(
resistance can be presented as surface energy requirer.ents for crack extension, Noninal
plastic work terms, heat dissipation and other thermodynamic factors. As
Griffith stated, and as most of the literature cited dramatizes, the micro-
structure is one or tne )rrncip,;1 L~f I~

ient for cack extersion. lle nay ro: 'e able to forulate all the .athEmatical (. plt an
expressions just yet but we are beginning to understand the phenomena reason- (N) plot and
ably well. A material %.;as selected for th's study that would dram!.atize the intensity ( N
role of nmicrostrLcture in fatigue-crack growth. Furthermore, it has been the sane ti;wo
this author's contention for some time that the effect of microstructure on plotted is a
the fatigue cracking process can be observed on one specimen if one pays dure may intr
attention to detail, watches the crack, does not smooth out real data indis- due to micros
criminately and does not attempt to overextend the real meaning of a fatigue may averace.
crack growth rate (da/d:i) versus change in stress intensity (AK) plot. Thus, produce a bul
this brief study concentrates on observing, with some attention to detail, the to sho: that
crack gro,.th process as affected by nicrostructure. Several studies are a sinogle sp-c
underway at other laboratories, as well as some at UM1-C, .:hich produce a 2.00 r. , 2.2
wide range in microstructures and then conduct tests on each of the microstruc- beins cenerat
tures, to the case v:

thickness. C

4. MiATERIAL. The naterial used In this study had a chemical conposition
as listed in Table 1. Typical microstructures of the material are sho'wn in During each t
Figure 2a-d. Figure ?a and 2b are photom:icrograpls at 20X (original nag.). Predctermined
Figures 2c and ?d are photonicrographs at S0N (original naq.). The material would either
was forqcd ard heat treated such that a prior Cgrain size of 0.100 - 0.200 in tiures sa
inch resulted. As will bo seen in the next scction, this prior 6 jrain size in tho lplots,
was frequently larger than the spcecir:en thickness. The specimens for this affect the to
study were sectioned for actual forq.ings of compressor discs. Thus, this model the instantan
material also is a real structural material. Occurs searly

These qhanges
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wakle to S. SPECIiIEN. The specimen geometry used for this study is shown in Figure
St re. 3. Figure 4 is a photograph of one of the specimens used in the study.

tI I Fatigue precracking was conducted in closed loop load control and the final

cracks In precrack length was nearly identical in all specimens. The fatigue crack
the alpha growth tests were conducted in closed loop equipment under load control. The
growth at lod load was initially set so that the initial calculated K level was the same in

ssociated with each specimens. Observations related to the crack growth were continually
al. 23 found Piade and the raw data resulting from the experiments was crack length (a)
Ti-6Al-25n- and number of cycles of sinusoidally reversed load at 20 Hz. Crack length

readings were made on the front and back face of the specimen. Because of the
large prior S grain size and the variation in microstructure possible in a

of the papers given specimen the front and back face readings frequently differed a great
be the crystal- deal. However, this difference is attributed to the microstructure - not to
ot caused, test technique. All of the best fatigue-crack growth test practices were

4  followed. The results from the tests follow.E I could be

e of crack-grow:th

TABLE 1 Chemical Composition*
rid his collea-
observatio, 4-2. Constituent Percent of Constituent

s Prc.'ided in
no'.., aPears Aluminum (Al) 5.7 - 6.3

ess of fatigue Zirconium (Zr) 4.0 - 6.0
t will pro-uce Molybdenu'i (Mo) 0.25 - 0.75
t oro.t, can te Silicon (Si) 0.10 - 0.40
c, t.resKhd is Iron (Fe) 0.2 max
-l . On alydrogcn (H2 ) 0.006
x:-cnsicn is
t ial. This *Commercial desionation II 615

r Nominal com.position from Iil Orochure
A;

~~icro-'e -;jire-
r ........tica l 6. RESULTS. Figure Sa and 5b present the crack lenqth (a) versus cycles

non! reacn- (N) plot and the fatigue-crack growth rate (da/dN) versus change in stress

ra-atize the intensity (LK) plot for one of the specir:ens. Figures 6 to 14 then present
t has be=n the samne tw.:o respective plots for nine (9) additional tests. The crack lenqth
strL,:ture on plotted is a linear average of the front and back face readings. This proce-
one p-ays dure may introduce some error because of the difference lo -eti ies observed
I cata irdis- due to microstructure. Given, ho..ever, that the microstructure is rar.or. this
of a faticue may average. It is not my intention to either overkill the point or to
plot. Thus, produce a bulky paper. The reason I have presented the large amount of data is

to detai l, ti.e to show that the discontinuities in the fatigue crack growtith process are not
Ldics are a single specir:en anoraly. Data are presented herein for four thicknesses, viz.
prc.,ce a 2.00 rrn., 2.25 rin., 3.00 ra.., 3.99 mm. Data on thicknesses 12 nrn and 25 r.r are
te rnicrcstruc- beir cenerated at the current tiwe. Thest data being cerierated are iriportant

to the case whlere the prierfj grain size is less than the specimen (t-tructural)
thickness. Clearly, a centinuum Problem!

C ' 5,,sition
re s,' in During each test, the observer would take readings of crack lenqth at a

iin.l rae.. predcLeriined nu-ber of cycles. It was frequently oserved that the crack
lre raterial would either decelerate narkldly or stop for soi';e period. This is evidenced

2DO - O." in Figures Sa - 14a hy ch,rns in slope of the a vs. 11 plot. As ,,ill be noted
I. crain siz in the plots, frequent horizontal "arrests" oicur. These "arrests" markedly

for this affect the t(,tal cycles to failure of a given specimen arid obviously affect
this ndel the irs tantarieous crack gro ;th rate. It will be noted that if an "arrest"

occurs early in the crack grovth poces, a larjr exteni.ion of life results.
These charities in slope and "arrests" are the direct result of local

Ill



mtcrostructural chdnges. In addition to the devceleratifon or arrest of the Obviously
crack it frequently was observei that cracks wt)uld hurst (accelerate rapidly) renareat"
at times. This also is relatrd to microstructure. Preferential orientation
for cleavage or grain boundary drcoh,sion result- in acceleration of the crack. has beero
As originally suggested by Dr. Griffith, ,nd eloorite.J on by this author on tributfdn
many occasions, this type of behavior Is the re:ult of the localized Nepacket dependirgl
size, local crystallographic orientation, prior rrain size, loclzd rodulus
(compliance), O<type (acicular, equIaxr:d,etc)*. It Is not the intent of this Frequent]
paper to go into the detailed nechanisms of crack growth but to dramatize that data that
the microstructure has an effect. to "fit"

The da/dN vs AK plots presented in Fiqo 5b to 14b. exhibit a dispersion of
data. These plots result from the a-n plots. Son:e investigators would take
the a-H plots presented herein and smooth them out "by hand" or with a

"smoothing function."

In this study, we let the data speak for itself! A point-by-point (a)
Incre,.-ental rmethod was used to obtain the da/dl values. The LK value was
calculated at the central point. Use of the point-by-point method provides
sc.e assessment of the variatior, I da/dN that results from the nicrostructural
variation.

7. DISCUSSION OF RESULTS. The variation in a-fl behavior and dispersion of
da/d:; data suggest a large variation that can be attributed to localized As indica
microstructural variation. It has been known that the fatigue-crack growth frequently
rate is a functional relationship of the following fonn: the equati

initial fl
€ € o. al lowables

CRACKr GROWTH alwbe

, , .. (,, {As pointed

K even thoug* I packaqe feO . t . Zr s: ' "q i .e M i s !
,-STRESS of a plot

C - SThrAlN ,how one wo;
,,- ENVIRONMENT the ut iIi z
I - JEM;[RA.TURE that
W - FRtgurNCY

F~t)- CAM i R FUNCTION j A) li
AK-

The factors listed in equation I are extrinsic in the main. (The stress
(strain) must include consideration of internal stresses]. The manner in
which these pari _eters are ccmbined is directly related to the intrinsic 8) li
material character. Intrinsic factors that are believed to relate to the
fatigue crack growth behavior are: ti

material chemistry
microstructure (crystallographic texture)
working texture

* A factor being neglected in this current discussion is the residual stress.
It is believed that the residual stress is a significant factor in fatigue- Thus he
crack growth. We have efforts underway to study this variable in rore detail Tion. Fr
(sce M. S. thesis of s. Cole on attached list), fit t e da

Show ticf I o
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irrest of the Obviously the way these factors contribute to crack growth will be directly
leinate rapidly) related to the processing. The combination of factors thus will yield in
al orientation "initial" statistical distribution of fatigue crack gro%..th parornetrics. It

ojf the crack has been demonstrated that the above factors can relate to statistical dis-
thi authr ontributions whose central tendencies and dispersion may change in service --

ali~ed Urpacket depending on carrier function, environment, etc.

int~et o this frequently, it is common to attempt to fit a straight line to da/dN vs. t~K
indramtiof this data that are picttedon a log-log basis. Note that the da/dN vs VK plots in

o drn~aize hatFigures 5b to 14b are plotted on a log-linear basis. The common equation used

to "fit" crack growth data is
ispersion of
ors would take . CRACK Grzowr14
r v;ith a

olnt (a) fa (2)
r value was i i0Kkmcx)
thod provides
e nicrostrUCtural INTEGRATE FOR LIFE

Idispersion of
localized I As indicated, after the param~eters (incorrectly called constants all too
crack gro-w.th j frequently) C and n are evaluated by exoerircnt, it is possible to integrate

thp Paitaticri to determine residu!'! f1>tique life for- a given distribution of
initial fla..' sizes iitr s''ed cr deter-innd fror, fla.- ,i.edsr
allowables)A43

As pointed out by this author and Professor Freudenthal3 on many occasions,
even though this approach may be sirplistic and provides a nice conceptual

(1) package for introducing fatigue-crack qmoith to life prediction, it may be
quite misleading. Equation 2 is of course the equation of a straight line
of a plot of da/dj vs. .1K on a log-log basis. It is no,., appropriate to ask
how one would "fit" a straight line to the data of this study. Furthermore,
the utilization of equation ? does not fit the physical boundary conditions
that

A) irmi t ( da .q.cO (or sone fraction of the acoustic wave
AKI~ ilIff velocity as proposed)

c strcss Kib, - instability value

it r in~

-0c to tile 8) li uim aj ---

K h- thre-shold -stress intensity, .si Vin
(levcl of K bclow which a crack will not proria ,a t

id,.:l "tress. see quote from~ Or. (ri rfith in Introduction].

Ir.lro de-.a 11 Thus5, tile fat i(JW Crack rjruWithi data) bLc a-' an asyiritotic distribution func-
t ion. FretidttLhal -' proponed a rurm~ of r -ponerit ia that wonre rv~fli s Li ca11y
fit t d1. til. 11ow.ever, Powi e nid 11o-ror proposecd a fit tini furic Lion a s
Shiownf below.
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This equation has not been fitted to tLe datn of this stueY- that effort is University)
underway. However, Equation 3 has been found to fit fatigue-crack growth Special tha

data and to provide a physical rationale for changes in the fitting function these perse

that result from changes in microstructure. The above equation is basically we have und

a four parameter approach. The parameters are e, k, v, and Kb. It has been Structural

found that changes in microstructure result in changes of all four parameters.
Furtherrore, it is not usually realistic in formulating a fatigue life pre-
diction to trinr.cftc the lo'..er and upper portion of the curves. These portions
of the curve influence the fit a great deal as demonstrated in (38,39). REFERENCES
Further research is underway at U;1-C to complete the curve fits for different
microstructures of titanium. 1. A. Grif

Phi losoohic
Figure 15 is a composite a-l plot for the ten spcciFriens. The dispersion of
results is accentuated and the discontinuities in the lo.er porticn of the 2. ei. G. C
curve are .ore apparent. it is suggested that development of the curves at Affect late
even lower rates would accentuate the microstructural differences. It also is August 1974
apparent in the cor:posite a-; plot that after a length of crack of about 0.95
inch-is attained there is no apparent difference in the curves. In other words 3. S. Rolf
they could be superin:posed. It is apparent here that the continuum strain ADolication
field is now dominant and microstructure does not have a discernible influence. N. J. (-77
It is, of course, known that microstructuee does influence the instability

Upon detailed examination of the da/d' vs. zK plots it is observed that a
rather extensive dispersion of the data exists. This dispersion is extremely 5. Hoeppne
useful to the curve fitting techniques described and thus gives a good indica- A1S 1971 WE
tion of the scatter in data for a 2jyef microstructure. It is suggested, and
as reviee:ed in the introduction, that a different microstructure will have a 6. Bartlo,
different distribution and this will be evidenced in the four parameters. If, Ti-6AI-4V
however, one vwere to vie, the data at higher crack growth rates and plot on Philadelphi
log-log paper it would be possible to conclude that microstructural changes
introduced by processing and alloying produce no effect on fatigue-crack 7, Lucas,
gro..th. However, it is asserted that such a conclusion is not valid for many Journal of

rateria is.
8. Saltar,

8. CONCLUOING RIIA,'. It is shown that within a given titanium alloy the "Lo..w Cycle F
local variations in microstructure produce qross changes in the fatigue crack 08-24.4, Oct
growth behavior. The potential for alloy tailoring to optimize fatigue crack
growth resistance appears very cood. This observation has already been ex- 9. Sprague
ploited in n:,7ry applications as it ;-,as sugqestcd by D,'. Griffitc. :t is hoped Structure or,
that as we move toward inclusion of fatigue-crack growth as a primary design and Technol(
consideration we utilize data transformation and presentation procedures that
wore realistically represent the hy ics of the crackinq yroces0.i. Bowen,

Fatigue and
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* ©D Pergatnion ress

THE EFFECT 01- TEMPERATURE AND) R RATIO
ON FATIGUE CRACK GROVJHl

IN A612 GRADE B STEEL

(1IFUN6 rt(Xr4
University oif Missouri. College tlf Fripaccring. Cottinit'ia. M0t 02,91. U..S.A.

and

DAV'ID W. ttotT'PNFt

University of Toronto, Department of Ni~chainicil Engincering. loironto. Ontario. Canada N15S tAM

All, tract- Fatiic -c r. t:k Ptragation rate% in ,tSThf A~612 Grade BI steel were investigated at room
ktnt'iraitu re intl - 1001: 1 I- 1 V0t ttith 11 rat ii 11.1 ;iand 4t167. 1 he tita t% etc c v~dalitcd in terms i.f the
crack p~opagition rates ida/dN) as ;a function of the ;ilternmiiing ;trvs,, inicnsitii'n (.%K), according to
daldS = c e It - e)( - Intl - .itL.It was found that crack groth ratecs were increased due to
increasing R ratio. A~do the dcpcr(idcricc ;;f crack proitth tales on R r;itio i-, mngest at ihe lowest crack
gro'tth rates where -I %K fatipie threshold is cstaihlishcd. Crack growth ratcs were dccrcascd due to
dcrca'ing test temnperature in thc slow crack erotil' rcgion, Htloever. it wAs foiund that crack growkth rates
%ere increasett dtic tit tlecre,itinit: tc't tempecrature in the fait crack griiw h reion nicir the tipper
initaMity asymptote. Dc-cecd te't temipcrature and increascd R ratio intcract syncrg:sticalty to inctrse
crack growth rates for the entire range of 1K.

MlOST ENGINE[ RING structurc.s. *,,I,, St rR()IcediteI '11c .... ;,. Z'! fai by 1p

which is a progressive process Itnvolv'ing initiation. propagation aind of~a;it a a (~
crack. Fatig.ue-crack prowth has been known to be affected by many external and infernal
variables, but test temperature and R ratio irc among the most imrlanin external variables. /
Fracture toughness of miost fcrritic and .martettsitic steels dccreaises markedly with decreasing
test or operatitg tenmperalttre. Claik and Trout, in their studies on the effect of test temperature
in the rainge ftoin 701: (21IT) ito --10t^1- (-7Y^Cl tin fatigtte-crack growth rates in a forging
grade Ni-No,-\' %teel. fottnd Ithat the crack growth rate for at given iteritini-stes intensity
decreased as% the test temnperattire dlecreased1 11. Andreatscn and \'ttovec inesticated the cffects
of temperat~ture on ftoite crack propagcation in an A.RP.. 5!. Grade 11 steel in thle range from
+t V0C to -60 C and conclidcd that fmlttie -crack protptitn ric ait a Fixed ,tress intensity
has a nmaximutm at room) temiperature 121. Rolfe atnd Mttnse fouind for milid steel that as (the test
temperalture decreaised from 70T1 (Q IT) to - 40'Fl (- 40T). the fatigue-crack growth rate
dccrcascd't3I.

The clffst of R ratio on fatligue-crack gross th has heen mtudied by mainy investigators in
many difl erent rmiterils 1-7I. Generally. R ratio is found to) Influence faitigue-crack growth
rates, with iticreasecd R raitio was most influctiM ait thle lowest crack rErossth rates were a A K
fatigue thireshold is est.thlished.

ITe P'art% telalion dli/dlN -I(A)l. s" has lintil il~ it) 1011itt, a1 Cu1ve Io tile entire rantge
(if atuecckgrowthl ateC 011ta. 'Il itte is tno telIII tn ilt', hIs ript rekition to account for thle R
ratio cetO. thle ttICpe)C~~ t: CIre 1111dt 1t11C th ttt'ttdefcs Ic.atIs' the:Se C\1011na1
pa.ratoetr% 4:.11 11tt14htf tlic tsio f ti1C tu1itei I.tl to the% cyclic f~il~te ctoit tet~tl partliteters
fromti any' fitlitig flinttit 111st" bek such tIIhu they t04-0 cihee cheskt.. 'lhci e ate oilier pt'tCuttiil
fitting functtots ititmoeatritl ref-lec clitigs In cxtcttiol p.1,tttr.1~Pirt\ relAtion
hbeen11:l itiuudihjei ll y II irItelpVu .11 hill bitt u it( these: pruiposed 11tiiiutll c.1n ;ICColtt

for tile vltlibliled elfccts\ s~ts.u ittily. lc ;1 I "liittr piit~~ aI reltIonr !'ascd tin the
Four Piaritticfcr iiembittl Sii \tis s tllp I iliuctioti I() lit a tilt'ii.1it kIut~ Io cl eack grtiss Im rate
tlatal 21 SI.111\ m11cti.iui\si: e ued this (c).1ti1i1i inimi hlt t lnlttci t it .ic(tiroitcl h its diiIJN
V. 21K 11\C til t- m -1111- l 111 111, fii pu imitulc:IN is f the iii tlc 4 i0iii' itittt. MsIIc

C'a10 tic Jdcttmuit mk t k':tIIIhI ( ~c ti t Ikte 0hlCts of test V.11 .)4"c tioo i~~takgtst

t~it~.I A P ' of( I
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The malciial used in this irivcstigalioti %%.i ASTAI A612 Grade 13 steel. 1he chemical
composition and mechanical properties are listed in Tabki 1.

Four Wedlge-Open Lkmdiiig (WOI .) ,pecimnn were machined according to the dimensions
shown in Fig. 1. The wifaice of the specimen wvas polished by 4W0 Grit SilicoIn Caihide paper.
The direction (if polishing wa% pci pendictilar to [lie direction of ci ack gross th. 1he specimen
was% mouinted in a servo-controlled clectrohydraulic fat igc machine and was sutbjected to a
sinusoidal cyclic load for precrackieig. Di )ing prccracklig, thc total crack growth was ap-
proximately 0. 1 in. (0.254 cint. The final 0.025 in1. (0.063 cml) of thc crack growth wsaccorn-
pus~hed by ;I reduced load suich that the altcrnatint: stress intensity at thc end of preccracking did
not exceed that at the beginning of the fatigue crack growth test which was performed
immediately after precracking.

Fatiguc-crack growth tests were performed at room temperatujre (about 70*1F 1'2 cC) and at
-100-C (-73C) with an R ratio (ratio of mnininiuin load to miaximulm loatd) equal to 4-0.1 and
+ 0.67. A sinusoidal loading waveformi at a frequency of 10 liz was used for the tests. The
specimen was cycled to failure. The crack length was;i measured pciodically during the test at a
predetermined number of load cycles by a forty-power (40 x ) travelling microscope.

3 200
&C.031

2,550

Thickness*__ . 0750 10015

63ot ±00051 .-

II +1 ____ __

140 16 K0
-0 001

63.

'Thiknes to e 0.50 0.5000.o±0.005 IIA0002TIR
2 Holes 1. 8 Spec Tmckness

Fig. 1. inin~ioncd %%clige-open km.ding urcnc iedn t..tigtc-cract. gro~h tc~.ing.
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lnngaion~ t*



FtM-754 p. 3
Itic cc o ci npiugiirt: ;and R rio. on fbmigime cracmk prinwih in AhI2 ;r~tdc It %iccd

A stamnlc-o. steel cooling tank wsithi a I ronspaitit viewving side was;i conust ue ld for low
temperatur c tstng. A mixtit of frcon and dr y ice was% used ,is a cooling mediumi in whcih (tic
specimecn was stihmerged. 'Ihle tet temnpcralturc was monifored~t by a thermocouIple IOC;lCtd Close
to thc crack lip of the specimen.

P'RESENTATION AND) ISCUJSSION OF T'l'~ RE:SULTS
The raw data obtained in this Invcstiga.tion consisted or pairs of crak lenigth. it. vsi the

number of loatd cycles. N. The pairs of ai-N valuecs were fuirther reduced to crack growth rate,
daldN, vs alterniating stress intL ilsity. AKR. valuecs. The raw dat and the reduced data wherc
shown in the appendifx. The methods of the calculattions% ecre given in Ref. [ 171.

Pairs (if daI/dN vs AKs values were plotted oin a loi.-hinear basis as shown in Figs.2-5. A
curve fitting relation based oin the Four Pairamecter Weitill Suiriivorship Fuinction was uscd to
fit a median curve to the data. This curve fitting relation is given in eqn(l), below:

where k, c and v are paramecters related to thc intrinsic material parameters and thc extrinsic test
parameters. Kh is the alternating stress intensity s% hich has (tie following chzirLcteristic:

urn (da/dn) -infinity (2)

These four paramcters were computed using regression techniques. The resuilts were shown in
Table 2. A comparison of the cuirve Fitting relation used in this investigation with other relations
caih be fOUnd in Ref.t 13]. A discussion of the theory of the analytical procedure is given in
Refs. 13-151.

Rearranging eqn(l). A1K can be solved for in tcrms-of daldN:

The lower asymptotic condition of the du/dN vs A1K curve can be solved for by substituting

Della, K, (MtI Ia A Della K. (11.4/al-)
10 2030 40 5060 706090I 10000567600o

e-8 isY -6 t: 05618, 7-

-I 91r
50' I g500

60*

to-,'*' -. /gol

10.4

~t~~ .i.tbN~~ ta'Asb.c\ttitz
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Fig. 4. Fig. 5.

Figs. 4 and 5. Log-linear grap~h of duIJN vs .K finecd %kith a Weibull curmc

Table 2. Rc%III% of the c.itio~,. for the valties of the !,oiir Wciuhizi par;nicters ;Int the lower threihoId

Upper lInstability Lc r
parareter. Kb ~ Thrcshold Chracteristic thressiotd. K.,

(If test cc".mions (I:,- .) k (rr/cy'.Ic) ("','c/tc)

HP-1 60.37 481XO .1I- 91

R.A 6.3 .0 (-2.07. 10- 1 (4.85.10- (21.04)
Room' Tem'wzr~ture

H7-2 32.5 -4.1i11o 7 .?51106 8.24

30cm' 44.43imm 7.14 4.37xl0' 2.834110 6  
20.96

-101*7 (-73*)

P419.53 99.01 -2.710- -4-.1~0-
6  

!7
-.7(21.q) C-6.P0aI0 ) (_1.09,C-4) (14.71)

-1037 (.73'C)

daldN =0 into ccqit(3). L.et Khr AK heln dultlN -0, eqo (3) cim he writicn Its:

kh=KI - c.\p( -(-- 00/ -- Oh~. (4)

TIIC V;IllC% (if Ole I(MCIt hI II.-IISI1 K,,, \%'Cie C l CaItIlm(I by lI\1111 eq(A.) ;mil1 \t! - i~lm n in Tabhle

2. A ctl1pm'NiIc pi, of daAI/mNNN _1 I .11C. Vaillc I and iction CliiVC for collip.mriNon~ lof temiperature
arnd I? ratto tOlcCICi.,' i-.1 i IllI 1), 6i.

By incrc.iNli.: tle NIiNof thc \;illlm2I R~t 1. 1,111 I 10.1 to 1 0.67, the hmlimi effect\.
%%tc l. ivcd inde llllbIoili Itmit-iIttile l~tmlwwl. .. (Il. k tit Il r~tle cttrve \%,I\. .hif~tcti (t. he left; the npjmer imsfNtbl'lli\ 1p.lm.11lel , 1<-, t.1 the film' I hi Ole'1ilidmi Jr.Il,1lrlieter K,.,. %kete both

isretim'cd to Imir .1 K vjhe..: Ilic NIe of file. Ii"ii~o of 3K IN bt cii thle tllcr midle IC owcr
asymlptotcs %%;t% coIIIIics%c0t.li 1111C ile mpe of tile 111ill.1t ctlr~c 1et ttccli tile Nom *I,) llIpthotC%
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* Iligher crack growth rates were obtained when A K< was ini the fast crack growth region near the
upper instability asynmptotic valuec.

Low tcmpe r~tture aInd high R? rat io appairntly interaict to produice higher ralt ic-crack

growth rates in (fie entire interval of .. K between thle two asymptotes (compare the median
curve% for R +0. 1. room temperatur nrtlri R 7!4 0.67, - 1001 : in I ig. 6). Trhe tipper inst ihility
parameter. K,,. was reduced to aI greater extent hecarasc lower test temperature tenced to
increase the value of Kil while higher R ratio (ended haI reduce it. 'the resutlts indicate that the R
ratio variable produed a sronger effect in reducing the threshold than the test temperature in
increasing it.

Although furlther dta~t are desirable to decfine the variatbilit y of( the data and obtain a hetter fit
medlian cuirve. the effects of temuperattue anjtI R tatin tec clear. I lowecver. It is euipliasiiet again
that fatigue-crack growth data over thle entire range of interest, front Kill to K,,. are needed.
Also. enough points -are needed~ to allow aI numerical opti nII7:t ioai of thle lit.

Variation in fracture appeazrance: of the specinient sth test temperature is shown in Fig. 7.
The crystalline fa-cetS found on the flat fracture surfaceI of the specimen tested at - l00'F
clearly indicated a cleavage mode of fracture which was different fromt thle ductile mode
exhibited by the massive plastic tearing found on the fracture surface of the specimen tested at
room teniperatiii . I? contrast in fracture suriface appeairance is quite evident in Figs. 7ta-d)
for the condition% cited in thle figure caption. Note that thle size of thle region of stable crack
growth was reduced when the test temperature was decreased.

The fracture suirface was examined at higher magnificat ions by using a Bauisch and Lomb
SEM 11 scanning electron microscope and the fractographs obtained are showkn in FiT.8. Details
of the SE M specimen layout for fractographie studies arc presented in Table 3. In Fies.S(a) and
(b). the fracture Nurface of thle specimen tested at - WWI ' wkith R = +0.67 exhibits clealvage
facets and short intergranular cracks which are typical features of cleakvage fracture. In Figs. 8(c)
and td). exhibits dimples and librous regions %s hid 1 are t~ pical features of ductile fracture,. It is
clear front these fractographs thait thc fatigue-en ~ck growth process below thle transition

*tcmppcraturcrv ye-,,-s a ddfCrer, mecharnsa of c"ct rowli, tbkl 2bove tne !T:Ins!!ion
temperature.

CONCLUSIONS
Crack growth behavior of ASTA,612 Grade B steel was examined at room temperature

and at - lOOTF (- 7YC) with R ratio = + 0. 1 and + 0.67. The results lead to the following
coneclu siotns.

(1) A curve fitting relation based on thie Fouir Parameter Weihiill Survivorship Function
provided a much more adequteI curve fit for crack gross h rate data than other proposed
relations. The effctls as well ;Is thle s~yne gistie interactioii of test varibes cain be accounted for
by the four piraietcrs i 1K cani he amdilticaillv deterimined. lsonce the four parameters
have been obtineid. Iniference cain he mtade onl the thbreshotld. K,,,.

(2) T[he effects of inereainQ thle R rato were to cause ain increaise in the crack growth rates,
aI decreaise in thle kaliics of K,. and Is.,. aind a conipiession of the lunge oif AK between thle
upper and tile lowecr asymptotes,.

(3) Lowering the test temtpei attn e ft oni room tempera~t tie to - l001: dctcased tile crack
pross th raites fi tile sIows ciackk giitt region his ~ccii K,,. Anid oinc higherc AK valuec.
1Iloss ever, tlie craick gi o%%sth rate iii the fist ci a k gi ossth reioi tr K,. wcri e nc re;ised. In

adiin oseii'tetetIupr itn crcaiscl K, ' lie tjiigc of AK betiseen the two

allyniptrotCs isW as I' Coiiipi esscLd
(41 I tic cowincI eltL, s If,tcr( s~ test t011Ciril'iate .111 iiiCeMitl R t~itr prodmt ikei t

inicrcase ani cr.ick gross tl i~itcs tat thie cotic rmitc of X K. Also N, %%asI reduced ho i greiter
extenit.

Intote to I k ,I% .11'C ftis tine1 %% li':il Ili tet It enrlrri it i %%isImc - I loss tid fo tIs it: cri'.titire toI

jo- l(MTl (- 73 C)

It is it) Ilk- Cirij'hi.1%i ti Ili it %iv tirririsrI t1., oe ~ 0111% .iih[1d. (11C its - ts r tt i lIteitrute

colICCtIIII 1tti C thsfct of teiieratonie rid R vrir'.l I ii tc; imrc.e,~~ aio kliti ire needed

I,
.'.j
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The effcto of Icnlipr.altire and R ralit ton flitic c it k giaawih in M412 Frmal It Ic act.

Aver.sle' Dis.i~nce
of the Specwe.n Awr,,dj l/diq AverAle AK

Te't ondtin~ from the No'tch .
le. odtos Tip, lit (,Ii) ain . I/cycle t I .lin (Irj.m.)

.100'F. R - -0.67 0.25 (6.35) 3.65 (92.71) 14.4 (15.8)

Room Temup.. P - '0.67 O.115 (21.5)) S.41 (13.94) 23.?7 (26.0)

to adcquatcly fit the Wteihull Suruivoi ship fI'miclion thc retuls prcscnttcd lierin should bc vicwcd
as tentalivi: unuil salislaciaiily pLinned experiments can lie condLucted and also until more data
can bc generated in the threshold and Instability regimes,

Acdno..tdei-'nu'qa-ThiN Avtrk - ro'nwired by the Mfike tif Ni%.i) Rc~c..r.:h. 1 he .iithiir% wish ti ;tcknniiwkd~e the
encour;irenncni% ird intece'l of D~r Phillip ('I,,kin fair ctinhnaitiii prigrcs%. \%c ire Lriefti) lo &it Arihuir lirmin ;ad %Ir.
P3haitt Wm fair their ii'incin cidiog iin : lc .piarrscrai%. tic ;ir ;ilsi. igr.(ci loi Mrl. l..rr~s .Xrllcr fori fiirrarijg (he
c411m1Uitcr prio r.i rn' for ali.i ;i nil%'i\. lite vuil hor. v. inh 1-1 c\pti:% %in..,re i iknk I. it) D r. Gi. Hitmsic.I Mr. R. Mcil. Sue
Hocppnicr and Winnie lit) Ahoprovsidcd inspirdlliin caiistiillv.
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A WFIBUIL ANALYSIS OF FATIGU E-CRACK
PROP~AGATION D)ATA FROM A NUCLEAR

PRESUREVESSEL STEEL

Ah~i~ctTcc i ii Cs it rung. haiscd iiroui in qi..ri c o io ti('i pniiicrA hl] 0 .
Stirvisorship- FurnL tion.a.rc pic'cncrt for It, te,Iii .-n orf tiie i ck pir ciin TI .,ti itir o incil fr I CT CSS

a nudr rcssurc %csrt sicci. I he nrpr'rianLC of d.i.t in ic neir ihrc'hld ndit he high cr..k pr.'paig-miorih
rafc regions of! (he D)AMIN %, A cur'e. I, it retries% to the curse fti. I, ienionstrited %ith rcspecoto1 a \_ C~ S.
chng in Ihc (our paranretcrs of ihc WihiM function.

INTRO DUCIO N

CU!RVE vi -r:,; tcchniqis ire csscnti~il it)o; ife prediction !iIiI/ini. the fmitiguie-cr.ic k prop;g;ut ion
charractcristics of a material. An eqvition in the form of wei. four pair.inicter Wethitil Survivor-
ship Function ik used in this As ork aind aipplied to thc d~it~i obtlined from three compatct tension
SPeCcris of ASTM 53311-1 nucea~r pressure vessecl steel. The specimiens are %objected to
three distinct enivironments while tinder ;I cons tant %intisoitd type lomding. [he \Veihull
fuunction ir used to determine thc variation In the fiiue-crack propagation dlati as ;i function of
enivironment. based LiP01fl te four pairameters of (11V cur% it. ['he effect,, of the lack of near

threshoIld Md II'" -X.k Prr'.;;I>0f rateC dl:ita. :sirl,..u...........

D)ATA ANALYSIS ITKIINiIUKS

An equation in the form of the Weihbill Surs vorship lFiinction 11-31 is, tied to determine the
rclationship hetwern DOA/I)N vs N~K dat:

This represents ;a four p;iranreter tiion In Mu hch - thre titehold piiat ittr: I, = he
characteristic value: k t(ie shaping parairter: K, - the valuec of K ait the point of unstable
fraciture (lAII)N -- J

Equa.tion () maty lie tercuriged ais

[InQ~J)ji (2)

which is in the formr of the eqtimon of aI str.ilrt l1tre

,, f it k '(

where

K.I

I. off .... /
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Arranging the equation in this form allow% at linear regrewson analysis to he per formned by
incrcincniting Kh and thc %haping parameter L. Thc sample correlation codficient (R) i% then
dctcrniined by

R if= -Y

The nia.ximumn valuec of R( R - I ) %% ill pro% tile the best linear fit it, the dat;t and %%Ill determine
the K,, and k vailues. Using the %lope (tit) ind the inteicept (Is of this line, the values of c and v

caun bc calcul-ated.
Thc purpose of uirq: an ecpuaion of the form of The four pairanteter Weihull function is that
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RE-SCILTS AM) UISCUSSION
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The valucs of the four Weihull pa::urnters for the if, air and the %Alt %%;t aterevironmnirts
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1). The crack propagation tin this, sp-citmcn tdistrillcd ssater) becamec stalc shortly after the
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MODEL FOR PRr[ICTIOI OF FATIrUE LIVES BASCD UPON
A PITTING CORR, O N VA( IGUt PROCESS.

David W. Hocppcr, Ph.D., P.E.
Cockburn Proressor of Engincering Design
University of Toronto, Toronto Ontario.

. Abstract

An carlicr paper on fatigue crack initiation discussed the manner in

which fatigue cracks are initiated by slip, twinning, strain incompatibility

that produces localized cleavage, grain boundary decohcsion, constituent

particle fracture, and foreign particle fracture. All of these mechanisms

of localized deformation or elastic fracture may ultimately lead to a mode

I fatigue crack that can be described using conventional fracture mechanics

concepts, as long as ILnear elastic behavior exists. In addition, these

mechanisms of initiation of node I fatigue cracking result from appl~cation

of cyclically varyina external drivinq force such as load or temoerature.

The intrinsic characteristics of the material govern the kinetics of the

initiation and propagation processes.

fHowever, there are many situations in the fatigue of materials where

initiation of mode I cracking results frcm the combined action of environment

and *,. alt-ernating st.ralns. Sometimes the environment/deformation synergism

* results in pitting corrosion fatique. A physical model of the pitting corrosion

fatigue process is presented involving the utilization of pitting kinetics and

fatigue crack growth kinetics. It is postulated that pitting theory can be

used to predict the rate of growth of pits. Utilizing information on the

fatigue-crack growth threshold for the material/environment combination of

interest it then is postulated that the number of cycles at a given stress to

generate a pit of sufficient size to become a mode I fatigue crack can be

estimated. An experimental technique to observe the growth of pits forming

under cyclic loading has boon developed. Verification of the model is pre-

scntcd and some shortcomings and needs for additional rcscarch are discussed.

To be published - ASTM presented @ International Conference
on Mechanism of Fatigue, May 1978, K.C., Mo., ASTM.

* K y r., , r *,it,, Coc','.iii rit i ,lug, P'itt imil r'Ictur,- Mcclanics, Threshold,
IKinvI ict, * Ho I 116 ii i' ,l, C1.10 K lit -rtly.
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INTRODUCTION

A large number of studies have been conducted and reported in the

literature related to mcchanism(s) of fatigue "initiation" and/or "propagation". It

is now clear that many processes of physical deformation ca'n be involved in

the fatigue behavior of materials. This paper deals with one such process,

viz., pitting corrosion fatigue. A conccptual physical model to explain the

process of this insiduous failure mode is presented in terms of physical

events that subsequently can be mathematically described in order to calculate

the time (cycles) to fatigue failure; or to alternately calculate the time

(cycles) to a defined physical event in the development of fatigue failure.

The model for the pitting corrosion fatigue model is verified herein for

7075-T6 aluminum.

The utility of the model is its potential usefullness in estimating

total fatigue life for including pre-Mode I cracking and Molde I[crack growth.

The basic features of the model are as follows:

1) Use pitting rate theory to predict the number of cycles required

* to develop at the pit.

2) The size of pit, at a given stress condition, at which a mode I

crack will form is determined from the Mode I fatigue crack

growth threshold.

3) The Mode I fatigue-crack-growth threshold is determined from

numerically fitting fatigue-crack-growth data for specific

boundary conditions.

4) Determine the number of cycles to propagate from a Mode I crack

to fracture using fatiguc-crack growth prediction methodology.

5) Sum the cycles 1o rai lure for the total fat.igue life.

Aside from using this model for faticiuc life prediction it also allows a

nicans whe.reby cuint i it iv(' compiri sons of imitcrials operat ing under corrosion

fat i .lue c an e made hi. had upon the It, lfm it it' a .. e,e nt of differciiccs

In either pitting bl,avior O irr (.tii ue crat k 1 rovth bClav ior or both.

Tliur., quinAlilv-vr pi"ttifi , corr(o.ion fat ucIi, mclanisms will

the (ol I (,%wi nl 'A' t iof', V. t::("'1t th 1t t.hI I IId nn exIter irrnta 1 procedure

ti,'ved to yer y it I% K ,al l ticl cIid. lrl i t r ',1uiir irv contiln ing and
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more results on the (iuantitative verification of the model will be reportcd

*at a later date.

BACKCROUlND:

Dur.lng the past thirty years the development of linear elast4c fracture

mechanics (LEFM) has hbcn very rapid. The application of LEFM, and other areas

of fracture mechanics to fatigue offers the attractive fcature of dealing

quantitatively with the "cumulative damage" (i.e. crack extension) during the

fatigue process. Principal quantities of interest in applying fracture

mechanics to fatigue are the initial flaw size, applied load, location of the

flaw with respect to the stress field, environment, load spectrum and frequency,a

the properties of the material of interest. In this case, the properties of

interest are the fatigue crack growth threshold (Kth or Ko ), the crack in-

stability parameter, KIb,and the fatigue crack growth curve for the material(s)

of interest for the conditions of interest. The apparent relative simplicity

of fracture mechanics as a useful tool for dealing with the physical aspects

of fatigue has, however, a concomitant difficulty. This difficulty is associated

with the initial flaw.

Many investigators have classified the fatigue process as being comprised

of three stages, viz. initiation, propagation, and final fracture. On numerous

occasions, an attempt has been made to ascertain the quantitative meaning of

researchers when they refer to fatigue crack initiation (1-5)*. Some papers

have been published related to either the concept of fatigue crack initiation

or a model for fatigue crack initiation. Very few authors, if any, have

attempted to characterize "fatigue crack initiation" in terms of a flaw size

for a given physical process. It has frequently been discussed in the literature

that subsequent to the attainment of a given flaw size (fatigue crack initiation)

one need simply apply fatigue crack growth concepts based on LEFM to "predict life"

It is now generally recognized that fatigue of a member (specimen or

structure) occurs as the result of either microplastic flow or constraint to

flow or both. The physical flow or fracture processes that may ]cad to the

development of a Mode I (Forsyth-Stage Ii - se Ref. 6) fatigue crack are slip,

twinning, cleavage, gr-.in boundary (low or fracture, phase boundary flow or

fracture, and particle boundary flow or fracture (4,6). Aside from time

*Nu,,,bers fn parentheses refer to the references.



d.Vcndent synergisms that. occur with cyclic loading, one of

which is the subject of this paper, these physical deformation processes

occur at either an inherent continuum discontinuity (notch,stratch, blowhole,

* pore, etc.) to create fatigue crack extension or are the processes that may

lead to the development of a Mode I crack to which the principles of LEFM or

generalized fracture mechanics may be applied. Thus, it is generally re-

cognized that even though a continuum flaw may not be favourably located

and of sufficient size for tatigue crack extension from the flaw, a fatigue

crack can initiate at another point from pure deformation or localized

fracture from point or line defect motion or interaction (7). Since fatigue

cracks may therefore be developed without the presence of a continuum flaw,

the many methods of potcntial nucleation must be dealt with in order to

formulate fatigue resistant materials and structural/environmental systems.

Many synergisms for accelerating, or generating, the fatigue process

are possible (8,9). In this brief paper only one will be dealt with as it

relates to fatigue. Pitting corrosion fatigue is one of the most insidious

of the synergisms that can occur (1, 5-7). However, very little is understood

related to the kineLics of corrosion fatigue. More understanding is required

to develop materiais, formult . and retrospccti.vc corrosTnf.

resistant design methodology, and understand the mechanisms of fatigue in a

universal sense.

There are, of course, many types of corrosion that can interact with

cyclic loading to produce the corrosion fatigue synergism. One of the corrosion

mechanisms is pitting corrosion (1,10). There is very little information in

the literature on pitting corrosion fatigue. In a recent ASTM Symposium on

Corrosion Fatigue Technology (ASTM-STP 642) two papers were presented that con-

sidered the dcvelopmc:nt of corrosion fatigue from a corrosion/mechanical load

synergism. A papcr by Van. derlorst (11) dealt with corrosion fatigue initiated

by stress corrosion cracking and thus is not directly relevant o this work

except that conceptually iL has similarities. The other paper by Kitagawa,

et al., dealt more specifically with the nucleation of fatigue cracks at

corrosion fatiguc Induced pits (12). They showed that probabilistic concept,

could be employed to predict th cu,'rusio- fatigue process. This later re-

fcrencc Is the only one in the l lteratitre of corrosion fatlique that relatcs

to formulatirngr a predicti on rif corrosIon fatI rlue life ba.ed upon the observation

of phy.-ical crack sl.,o. As wiLl this pap,.r, Ki taqaw., et al., had to employ

the rationale of fractire mchi,ilcs in formu Iantig tlie aa lysI methodology.

1K



This effort was indeed noteworthy, sinace (of lowing the dictates or the physical

* fatigue process these authors attempted to formulate a method of predict ion of'

corrosion fatigjue lives by coupling reliability conccpts with fracture

mechanics to yield a graphical display. This paper provides a slightly

different approach to the problem.

This paper, then will review a conceptual model of corrosion fatigue

and apply the knowledge of pitting corrosion. to predict when a crack depth, a 0,

will be achieved that will yield a value of stress intensity such that the

* threshold for fatigue crack growth (K th ) shall be achieved. Subsequent to

the presentation of the model, results of experiments that have been completed

* will be presented. Concepts similar to these have been developed related

to fretting fatigue (12-14~) and pure fatigue (4) and this paper is intended

tO, illustrate the universality-of the concept.

REVIEW OF MODEL:

In Reference (1) a conceptual model for the corrosion fatigue process

was presented and the essential elements of the process are as follows:

1 . Corrosive attack Linder cyc!ic loidino

2. Generation of Mode I fatigue crack of' observable size.

3. Environmentally enhanced Mode I fatigue crack growth.
(The opposite is possible).

1IStrcss intensity dominated fatigue crack growth (Mode 1,II, or III)

.5. Unstable fracture.

Pitting corrosion fatigue was initially selected for verification of

the model of' corrosion fatigue since it physically has all five components

above. Component one cnn be the initiation of pitting corrosion due to the

MaterivA/cnvironnmcnt/cyclic loading cor;bination. Thus, by applying the

knowledge of pitting 0heory it should bc possible to ascertain the amrount

of time (no. of cycles) to propa-gate a corrosion fatigue pit to become a Mode

I crack for the crack type/loading combinat ion. In order to accouplishI this

prediction, the fat igue crack gr-owth threshold of a tlo(ce I fatigue crack in

thc material must he known. Thu ., the cycles to propciqatc a pit to 'a dimlension

that IS adequate to i laIte a Mode I fat iqmi c-ack at a pit can bc determined.

In a pract ical ciasc thme Mode I crack thc!n coni grow to bccome an ob,,crvablc

(inspecta1'lo) crack. It Is a k<nown fact th:it fat ique cracks uisual ly mnit i.at

well befure, thoy art, eeoI), crvabIlc ubeut .' If thu load is known It is

possible to' predict tihe fat ijuo-c rack griow-th If If a predict iot, nictlodology



exists and the crack growth parameters arc known. Fortunately, these methods

are well established (2). The exact fitting of the ratiguc crack growth

data rcmains a subjcct of study. Howevcr, it appears that utilization of the

S Weibull Survivorship function (15-18) is an effective way to describe fatigue

data since the data appear to be distributed on a Wcibull basis (15-19).

Point above is attained when the fracture toughness, Kin, or other suitable

measure of crack instability is attained (da/dN approaches infinity in the

limit). Thus, initiation of final fracture (crack instability) occurs when

the crack rcaches sufficient size at a given load level.

The fitting power of Weibull's relation lies in part in the fact that*

it fits the physical processes and relates to the physical boundary conditions.

A power of the Weibull function also lies in its discriminating power of an

effect of a variable on fatigue life. A brief review of fatigue-crack growth

curve fitting is given since it is an essential part of the model.

FATIGUE CRACK GROWTH CURVE FITTING RELATIONS:

It is usual to plot fatigue-crack propagation test results in the

form Da/DN = f (AK) (1)

where Da/DN = crack propagation rate and AK = stress intensity range.

it : buzaic curve ;i:tt irna relation for this type appicat icn is one with a

mathematical fit to the total physical behavior of fatigue-crick growth.

This relation must havc the following properties (12,15):

(1) The relation should lend itself to distinction

between slow and fast crack growth rate segments.

(2) As K approaches an upper limit, Kb, the crack growth

rate should increase indefinitely.

lim A KL 
( 2

K I ON(2
/ Kb

(3) As K approaches a lower threshold I imi L, Kth, the crack

growth rate should diminish to zero

Imfni Da. 0AK Kh ()



A new class of exponential curve fitting relations with mathcmatical

form in the fatigue data reduction Weibull distribution function have been

explored recently.

Three members of the class are:

* Relations

Ai 1-F Ex" [ (4)V C
or H =e + (v - c)j(- log e (0

P .- eIo k

8) I-F = Exp f11 + 0 ](5)

or 1 -1 + Exp (e + (V-e)[( - loge 0 -FF)) 1/)

C) 1-F =Exp { 9lOgeOl + CXP() - e3 kl (6)

k ---- v ---e ' 7.s

or 8 =-Exp(1) + ExpExp (e + (v - e)(- loge(l - F)) I/k)

These relations meet the three criteria of acceptability previously stated.

The fitting routine contains logic for estimating the curve fitting parameters

k, e, and v by a combination of linear regression and correlation coefficient

optimization. In practice, Da/DN and 6K valucs of a data set are stored as one

dimensional arrays DaDN and dK. The regression analysis is performed on

variabIcs X arid Y, in terms of the cquation of regression

( loge y)W= bX + a (7)

which has alternative form

Y -Ep C- -X ck) (8)

where k I/w

e - a/b,

and v -( + be)/b

*Thc r followhig opt-rot low, a ic fortr f .r or lext mItle, when applying

canlldato Typu-l cuirve (ittloti:



* DO I I TO N

X Ioge(DaDtl(i) + 1)

Y C- loge(I dK(i)/Kb))w

Rcgrcssion and Correlation Coefficient Logic

END

In this case, the rouLine yields the Type-B relation

log(DaDH+ 1) - e1 - ~AK/K = Exp Q eo _ \k , (9)

wihere AK/Kb = F, and Da/DU = if

Parameter Kb is the stress intensity range where Da/ON is ,indefinitely

large.. Estimation of Kb requires exercise of judgement in addition to

"interactive computing effort. At the outset of data set analysis, all

three typcS of CxDon.ntIi ' ".'- .. tt.. i 2,.*L.Uae are tested, with

F = AK/Kb and H = Da/ON for each type. Measures of goodness of fit are

used in deciding which, if any, type is suitable. For all three types,

the particular stress intensity range where Da/ON = 0 is called the thres-

hold stress intensity, Kth, where

Kth Kb (1 - Exp (-( -e k (10)

Physical significance is attached to threshold Kth for cases where thres-

hold parameter e < 0.

a. For e = 0, Kth 2 0

b. For e < 0, Kth > 0

c. For e > 0, the suggestion is that crack growth
begins at some ua/014 > 0 for arbitrarily small
AiK > 0.



* Methods of determining goodness of fit are being developed (19)

and are discussed to some extent in rcfcrcnce (16-18). In addition,

procedures for distinguishing between fast and slow crack growth are

available. Neither of these procedures will be discussed here since

they are rather lengthy numerical statements.

In noting equatlon (9) it certainly is somewhat more complex than

the typical Paris relation da/dN = D(AK)n utilized in a great dcal of crack

growth correlation. However, since it is desirable to formulate an accurate

fatigue life prediction methodology herein, it is worth noting that equation

(9) fits the physical data over the entire range of fatigue-crack growth

whereas equation (1) does not. Thus, it would be difficult, if not im-

possible, to apply the Paris relation to pitting corrosion fatigue situations

since a change in C or n would not necessarily yield a change in Kth or Kb (KIc)•

Thus, a life calculation could be in serious error. Thus, if

procedures for optimizing the fit of equation (9) were available, and if

a generalized integration routine can be established, a, physically rational

and reliable fatigue life prediction methodology would be available for

pitting corrosion fatigue. This is the subject of other efforts but the

W hii I! trrh~ln ll .1mt., n A,,,I-, , -k.,,- ...A

corrosion fatigue model.

The four Weibull parameters of interest here are;

Kb - the crack instability parameter,

e - threshold parameter,

v - characteristic value,

K - shape parameter.

Equation 10 gives the threshold value of stress intensity required

to establish whcn a pit becomes of sufficient physical size to become a

Mode I crack, for a defined load/environnicnt/frc'qucncy to propagate in

the regime where cquation (9) can be applied.

In order to apply the model an analytical and experimcntal method

must be available to establish the size of pit and time (or cycles) to

develop a piL of .givr, size. This is available from pitting thcory as

It now stands (15.20). llowever, it is noted after a review of pitting

literatur. that it ha , not been cstahli thed if dynamic loading accelerates

pitting or not. This was not a subjcct or this study but necds; to be

* cstablIshcd In ordor to fully undcrsLahd lt mechani s,,s of corrosion

pi"ll.in( fl.igue. Current re'earch I. being (1lrc'clc(i at this cruc al

que.st Ion. In addltion, the Specific niccliaui.m(s) of Corro-lon pitting



are not dealt with hcrein. This Is rot to say they are not important but

the postulated model does not requir,.' knowledge of the mechanism, only

knowlcdge of the pitting rate and pitting geometry.

. PITTING:

Corrosion pitting has been found to be related to area of exposure,

time of exposure and the niatcrial/environmcnt under consideration. At this

time the equations that are used to determine pit depth are those due to

Scott (21), et al., and Codard (22). They are, respectively,

d = bA2  (1)

and

d = C(t) 1 1 3  (12)

where

d = maximum pit depth

A = area of exposure

t = time

C = a parameter related to the material/environment combination

Although extremc value statistics also can be used to represent pitting

data ilk) it %.i! not be used in this paper. Conceptualiy, it is now

clear that to determine Lhe pit depth as a function of time it is necessary

to conduct experiments to get the value of C in equation (12) above. This

procedure was employed to obtain the pit depth at which, for a defined

load/environment combination, the fatigue-crack growth threshold will be

attained.

It must be cnphasized that very limited information on pitting

rates is available. The author has numerous studies of this nature under-

way at present and this will allow confirmation of equation (12) or further

devclopment of the model.

' "O I"
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Summary of MmIcl
for the Prediction or F;,tiguc Life Based

Upon Pitting C,,rrosion
Fatigue tMechonism

The model can now be summarized as follows:

1. Calculate the time (cycles) for a pit to develop to sufficient depth,

ath, to attain the fatigue-crack growth threshold at the stress level

of interest. The environment and alloy must be known. Pitting data

must be avilable. A flaw geometry must be assumed. If a s.;rfa'7e

flaw* is assumed, an a/2c ratio must be assumed for the pit growth.

1a) Ksf = 1.1s S (a/Q)

lb) AKth (fatigue crack growth threshold for Mode I

crack) must be known from experiments for the

environrnent/material/frequency/spectrum/wave form

2. Calculate the cycles (time) required to grow. the Mode I crack that

Initiated from the pit to final fracture. Fatigue crzck-growth data

must be available for the alloy and environment determined at the

proper test condition. Fracture toughness data should be available

if applicable.

It should be noted that for those conditions where LEFM

does not apply, plane stress or "large" strain, sonic modification of

the model will be necessary, this effort also is currently underway.

Thus, this model nmust be verified and tested. In order

to test the model based upon the pitting/corrosion fatiguc mechanism ex-

pcrin ents on pitting corrosion fatigue and fatLigue-crack growth must be

conducted. The verification experiments arc reported in the reniaindcr

or the paper.

A surface flow is assumr'd as an idoali?'ation of tlhe pittLing process.
It Is recognized thAt other pit jeoletris can occur.
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It Is worth noting that several initiation and propagation events

are involved in this mechanism of ratiguc failure. They are:

9 1) Initiation of corrosion pits,

Ip) Propagation of pits

2) Initiation of a Mode I crack at a corrosion pit sitej

2p) Propagation of the Mode I crack

3) Initiation of fracture instab'ility,

3P) Unstable crack propagation

Thus, to attempt to simply characterize the corrosion fatigue

mechanism by terms such as initiation and propagation is a conceptual mis-

understanding of the physical process. With this mechanism of fatigue

it is possible to mathematically determine, for a given material in a

given loading condition, the point at which processes 2 and 3 occur.

However, in a relativistic sense, it does not today appear possible to

be able to mathematically determine the precise nucleus size which leaes

to the initiation of corrosion pits. However, we can determine, on a

statistical basis, the factors that control the growth of pits.

EXPERIMENTAL VERIFICATION OF THE MODEL:

In order to verify the proposed model it was decided to use

7075-T6 aluminum alloy tested in air and salt water. This material was

selected since LEFm can be used to describe its behavior and also because

It is known to undergo pitting in salt water. Although some steels yield

greater pitting rates in some environments, aluminum was selected for the

Initial verification studies in ordcr to avoid oxidation contamination

which would ilake production of the movies difficult. The unnotchcd

specimen used ror the studies is shown in riguIre 1.

"The cxperimcntal apparatus used (or the observation or crack

developm,,ent is .ilwn in Figjure 2 with the specinen position Indicated
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In the upper left hand portion of the figure. A viewing eyepiece was

positioned to allow the observer to view the specimen and select the

for detailed studies with recording on the film as shown. Tile movie

system was quite elaborate and my colieague Vance Danford and I named

the overall observation scheme A Sync-Strobe System for.in-Situ Study

of Fatigue some years ago. The system was designed to allow synchroniza-

tion of the movies with the fatigue cycle or to allow the synchronization

to be slipped over numerous cycles if desired. In this manner the motion

can be stopped for easier viewing.

The unnotched fatigue tests were conducted under constant de-

flcction axial loading with a sine wave at a frequency of 30 Hz. An R ratio

(R - Smin/Smax) of +0.1 was utilized for the initial verification studies.

A small transparent container was constructed to contain the environment

around the central section of the unnotched specimen. The envirnnment

always was introduced within minutes of starting the test. Tests were

conducted on a continuous basis from start to fracture., Fatigue-crack

growth data for these verification studies were taken from a previous

effort (23) and other unpublished work of the author.

The results on the unnotched specimens tested in laboratory air,

distilled water, and 3.5% NaCl are shown in Figure 3. As expected, the

salt water reduces the fatigue life a considerable amount. The initiation

points indicated on Figure 3 are for development of a 0.127mm crack. The

lines drawn through the data are in no way numerical fits of the data and

should not be construed as such. Figures 4 and 5 present the fatigue-

crack growth curves utilized for the model verification for the air and

salt water fatigue crack growth tests. Tests were conducted on 15.24cm

wide center cracked panels tested in closed loop load control with a sine

wave at 10 liz. It was determined from previous work (23) that no effect

of frequency would occur between 10 Htz and 30 lHz. The Weibull parameters

are shown in the upper left portion of thc figures.

Figures 6 and 7 present several photographs that were selected

for reproduction from the movies that were made during the tests. The

specimen that was tested at 103.'1 MN1 01f = 357,810 cycles) yielded most of

* the photographs shown. Figure 6a ir a typical pilt from the specimen
tested at 27.8tP (Nf - 21,822 cycls).Frmi pitting data on 7075 In salt

water a prdict ion or tiime to develop a flode I crack will he madc for the

specinten Ic ested at 103'.4111'a. F i oure lb throi(ill, 7d will be used In conjunct lon



with the prediction. From Figure 4 the Weibull paranic.crs are used to calculate

the threshold from equation 10. Using the values indicated in the figure, a. thrcshold value of 57.74 MPa/cJ71 results. For an edge crack, through the

edge in this case, a pit depth of

ath (5-.71 s (" , 103.4) = 0.08cm results.

The actual pit (through edge crack) that resulted in size sufficient to

generate a Mode I crack is .00635 cm. This is reasonable agreement. Further

refinement can occur dependent on the number of specimens used to obtain the

Weibull parameters and care with which the pit depth is determined.

Use of equation 12 in conjunction with the C value and time yield

a number of cycles to a crack depth of:
d - C(t) 1 / 3

t = OP)

substitute the actual ath for d 3

t tl=0.00635cm1 3
C [0__hh = .000305 cm/sec/3

9050 seconds.

ri 9050 SuC ,it 30 H. approximately 300,000 cycles was required to

initiate the Mode I crack. It is noted from Figure 6d and 7a that the Mode I

crack developed somewhere between 204,000 cycles. Figure 6d and 324,412 cycles.

A value of 300,000 cycles appears reasonable when an extrapolation on the one-

third power of time is taken. Unfortunately, the cxzct t(N) at initiation of

the Mode I crack was not obtained. Nonetheless, very good agreement is

obtained and the conceptual model has been verified for this material and

environment.

SUMMARY AND CONCLUSIOH:.

It is clear from the photos shown in Figures 6 and 7 that corrosion

pits produce a local discontinuity that acts as the site of initiation of a

tode I fatigue crack. The (atiguc process, rcprescnted as the total number

of cycles, Is compriscd of the cycleb necdcd to produce the pit and the

cycles needed to propaciate the Mode I crack that initiates at the pit to

fallurc. This Is depicted In the simple a-N plot showin in Figure 8 below

and In rigure 9, a representation of the Strcs-Cycles to rallure curve.

1". Comnput cr prornlr; w current ly are wirIt tii for deal in wi Lh darn acql rC(I in
Fnqllsh uniits; thli-, th laractL Ir lt.d III FIg. i and 5 are for Eluqlish
tnits excctpt for IK8  and I b '

'Bn o V nnn lnimnm



The four parameter Weibull fits to the fatigue crack growth data

that resulted for the 7075-T6 test(' in salt wiater yield the fatiguc-crack

growth threshold, K This value is then used to cltcrminc the size pit

* that will produce a stress intensity of sufficient magnitudc to initiate

a Mode I fatigue crack. The verification of the model worked well for

the tests that were conducted. Further refinements appear probable as

discussed in the rcconv'rendations section.

Figure 10 shows transmission electron fractographs taken from

the vicinity of the origin for the air te'sts (Figure IOA and lOB) and the

salt water tests (Figure 1OC and 10D). A pronounced difference in the

fracture appearance is noted in the origin areas. The air results show

well defined fatigue striations whereas the salt water results show the

more typical "brittle striations" (6). Additional effort will be needed

to clarify the detailed deformation mechanisms that produce the difference

in fracture surface detail.

It is concluded that:

1) Corrosion pits act as initiation sites ,for Mode I

fatigue cracks in 7075-T6 cyclically loaded in salt

water.

2) Pitting theory can be used to predict the rate of

growth of pits and their size at various times.

3) The four-parameter Weibull fit to fatigue crack

growth data can be used to obtain the fatigue-crack

growth threshold.

4) Using the combined knovledgc on pitting rites and

the fatigue-crack growith threshold it is possible

to predict either the size pit that will produce a

Mode I fatigue crack or the cycles to do so or both.

5) The total number of cycles to failure can be pre-

dicted from a comhincd knowlcdqc of the kinetics of

pitting corrosion and fatigue-crack growth.

6) Continued emphasis must be placed on the kinetics of

all potmntiai fatigue nmchanisms in order to formulate

fat i ie rest stant mnteri.-il-s and fatigue de ign concepts.

7) The concepts elucidatcd h,:rein can be applied in

fallinrc an.-ly-.is an well -vs to understand tihe echin ism

of-i r'Iat juc' lrocesr.
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RECON:T [UDAT IONS:

From the success of this mudcl and the experimental techniques

developed to vcrify it is belicvcd that other forms of the corrosion

fatigue process could be modelled and studied in the same manncr.

Particular success should be attained with stress corrosion induced

cracks, erosion, cavitation, crevice corrosion. As indicated in the

text, very good success has already been attained in modelling fretting

initiated fatigue. Much more data is needed however.

Several areas of corrosion pitting fatigue need increased

attention to improve our understanding of this mechanism. First, we

need to ascertain whether dynamic loading changes the kinetics of pitting.

I have several students working on this now but this is a critical question. A

great deal of additional statistically based pitting data also are needed.

A great deal of attention must be dedicated to determining statistical

distributions of fatigue-crack growth data in order to improve the

predictions made with the model.

Finally, very little is known about the fundamental mechanism

of pitting corrosion (under either static or dynamic loading) and some

! I , A,,rjrr tk ?,ndrr L-sr this mechan!sm as it relates

to the fatigue mechanism in general.

/
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FIGURE CAPTIONS:

* Figure No.

i. Fatigue Specimen Used for Pitting Studies.

2. Instrumentation for Observation of Fatigue Specimens During Cyclic
Loading. Specimen is located at upper left.

3. Fatigue Results for Unnotched Fatigue Specimens Tested in Air,
Distilled Water, and Salt Water. "Initiation" is to a crack
0.127mm long.

4. Typical Fit to Fatigue Crack Growth Data for 7075-T6 15.24cm
wide Panel Fatigue Tested in Air.

5. Typical Fit to Fatigue Crack Growth Data for 7075-T6 15.24cm
wide Panel Fatigue Tested in 3.5% NaCi Solution.

6. Photomicrographs Taken from Movies for Specimens Tested at (A)- 275.8MPa
and (B), (C), (D) - l03.14MPa

A. Typical pit with Mode I fatigue crack.

B. Edge of specimen showing area where corrosion pit
initiated that developed a Mode I crack.

C. Pit area after 146.000 cycles.

D. Pit area after 201;,000 cycles.

7. Photomicrograph taken from Movie for Specimen Tested at 103.4 MPa

A. Pit area after 321,292 cycles.

B. Pit area after 330,592 cycles.

C. Pit area after 346,700 cycles.

D. Final fracture 3511,700 cycles.

8. A Conceptual Crack Lehqth (a) versus Cycles (N) Plot for the
Corrosion Pitting Fatigue0 Model.

9. Various Critical Evcnt Curvcs on the Stress-Cyci.s to Event Plot.

10. Flectr(,n Fraclotir,iphs in Oritjin Arca , ror Fati gue Test In Air (A),
(B), Fatiguc lc-,t in Salt WaLer (C), ({)
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FULL SCALE

10 m m

FIGURE I FATIGUE SPECIMEN USED

FOR PITTING STUDIES
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PITTING AND FATIGUE CRACK

INITIATION OF 2124-T851 ALUMINUM

IN 3.5% NaCI SOLUTION

James Michael Cox

Dr. David W. Hoeppner Thesis Supervisor

ABSTRACT

The presence of a corrosive environment may have an effect upon

the mechanical properties of a material. In addition, the corrosive

properties of a material may be affected by mechanical loads. The

followino effort deals with several aspects of corrosion pit growth

*and fatigue-crack initiation in 2124-T851 Aluminum. Pitting rates

under cyclic loading were to be determined and thi pit dimensions at

initiation were to be evaluated.

The results of this investigation indicates: 1) that under the

given test conditions fatigue-crack growth rates are not altered by

environment, 2) that a pitting environment significantly reduces the

fatigue life of an unflawed specimen, 3) that there appears to be an

endurance limit regardless of environment and 4) that fatigue-crack

initiation from corrosion pits is poorly predicted by the method em-

ployed. Empirical pitting rate constants under cyclic loading could

not be evaluated.
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NOMENCLATURE

a Crack length or Pit depth (in or mm)

a0  Crack length of minimum detectible crack (in or mm)

a/W Crack aspect ratio, or dimensionless crack length
(In/in or mm/mm)

B Thickness of specimen (in or cm)

C Constant in Paris type equation

CS Cycle ratio (Ni/Nf)

d Pit depth (in or mm)

da/dN Crack growth rate (in/cycle or rn/cycle)

do/dt Stress transient

e Symbol for a single electron or Empirical Constant
In Weibull Curve Fit Eouaticne0

H°  Symbol for atomic hydrogen

H+  Symbol for ionic hydrogen

k Empirical constant

K Stress intensity (ksiiqw-n or MPa/m) or Empirical constant
for pitting rate equation

Kb Stress intensity at instability
(ksiAiin-or t4Pan4)

K Critical intensity at instability

(ksiinor MPavn)

Kmax Maximum stress intensity (ksiiAr'-n or MPa,')

Kmin Minimum stress intensity (ksi/Tn-or MPa$i)

Ko  Fatigue crack threshold stress intensity
(ksiAn or MPaR)

ksl Kilo-pounds per square inch (1 ksi = 6.895 MPa)

eI



i6

MPa Mega Pascal or 1O6 Pascal (unit of pressure or stress)

m,n Empirical rate exponents

N Number of cycles

N| Number of cycles to fatigue crack initiation

Nf Number of cycles to failure

P Load (lb or nt)

Pf Fatigue loading

P Stress ratio (Smin/SmX)
min

S Stress (lb/in 2  nt/cm)

SA Alternating stress (kip or nt)

Maximum stress (kip or nt)

Smin  Minimum stress (kip or nt)

t Time

v Empirical constant

W Specimen width (in or cm)

AK Stress intensity range (K - Kn) (ksi-n or MPa/E)
max mnn

a Stress (ksi or MPa)

Yield stress (ksi or MPa)

C Strain (in/in or m/m)

Elliptical integral
/

eH
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I .

1.0 INTRODUCTION

As progress has been made in fatigue life analysis, the material

structure, R-ratio, frequency, waveform, load spectra, stress state

-and flaw type have emerged as important factors. Recently it has be-

come more and more apparent that environment also plays a major role

and that synergistic effects between all of the above factors are

more severe than previously anticipated. These factors and their

interactions are shown in Figure 1 (1)*.

This relatively new knowledge is quite disturbing in that it

seems to necessitate fatigue tests for each particular combination

of material structure, R-ratio, frequency ... and environment encoun-

9 the mechanisms by which the above phenomena occur can be understood,

then it will be possible to circumvent at least part of that testing.

, This work considers one such mechanism, what might be termed the mech-

anism of mode I fatigue crack initiation by pitting corrosion, and

provides a preliminary attempt at quantifying its effects.

9 *Numbers in parentheses ( ) refer to References, page 140.
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2.0 OBJECTIVES

The general objective of this investigation was to advance the

development of a method of determining the fatigue life of a struc-

ture subjected to a pitting attack. The specific objectives were:

I a) To determine the feasibility of surface photography in

establishing pit growth rates in 2124-T851 aluminum.

b). To illustrate environmental effects on both initiation

and propagation of fatigue cracks.

c) To apply an empirical pitting rate method to actual

I fatigue pitting.

d) To determine if crack initiation values (K ) derived
oc

model correlate with crack initiation values (K )

derived from a linear regression Weibull curve fit of

crack propagation data (da/dN vs AK).

e) To correlate fracture modes found on pitting initiated

fracture surfaces with those found on the more comon

crack propagation type specimen.

3
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3.0 TECHNICAL DISCUSSION

To understand the phenomenen of a fatigue crack initiating at a

corrosion pit and to meet the objectives of this investigation, knowl-

edge must be acquired from a variety of fields. These fields have

been loosely arranged into three areas and are reported upon in the

following sections.

3.1 Fatigue

Fatigue might be generally described as the degradation of struc-

tural reliability due to an alternating stress field. More precisely

it.might be termed as subcritical flaw extension due to an alternat-

ing stress field. (A representation of an alternating stress field

* along with other terms typically associated with fatigue is illus-

trated in Figure 2.) Since nearly all structures are subjected to

alternating stress fields, the potential for fatigue to occur is enor-

mous. This is borne out by the numerous failures which are attri-

buted to fatigue every year.

The fatigue phenomenon has been recognized for centuries but the

first significant analysis did not occur until slightly over one-

hundred years ago (2). From that time until the middle of this cen-

tury, fatigue was treated by what may be termed as "the classical

treatment of fatigue" (3). This treatment involved the testing of

what were thought to be uiflawed specimens at constant amplitude al-

ternating stress levels. The data generated from such tests were

plotted as a stress (S) vs number of cycles (N) to failure curve.

4
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This curve, Figure 3, has become commonly known as an S-N diagram.

Fatigue design during this period was relatively simple and consisted

of keeping the nominal stresses in a component at levels below the

endurance limit (the endurance limit being the maximum stress level

*at which failure due to cyclic loading does not occur).

*The-next major-innovation in fatigue technology, which did not

occur until the 1940's, was conceptually based upon the work of C.E.

Inglis in 1913 (4). Inglis was the first to acknowledge the presence

of flaws in a material and their role as stress raisers. Shortly af-

ter the work by Inglis, Alan A. Griffith proposed the first viable

interpretation of flaw extension and developed a mathematical expres-

sion relating the extension of a crack to elastic strain energy at

*the crack tip (5).

Based upon Griffith's model and the observation of subcritical

fatigue crack growth, researchers in the forties and fifties proposed

that the fatigue phenomenon occurred in three separate stages, namely

initiation, propagation, and unstable fracture. For a period, fatigue

analysis was concentrated almost exclusively upon the propagation

phase and it was not until recently that attention has been directed

toward that portion of the fatigue life devoted to initiation (6,7).

The importance of initiation studies is revealed when one considers

that, dependent upon several factors, initiation can account for a

major portion of fatigue life (Figure 4).

A proper fatigue analysis must account for all three regimes of

crack growth (the third regime, unstable fracture, must be taken into

6
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*account for the obvious reason that it terminates the process). Fig-

ure 5 identifies the fatigue designer's problem and suggests some of

the variables which might tend to emphasize one regime or another.

3.1.1 Fatigue Crack Propagation (FCP)

Over the past thirty years fatigue crack growth (FCG) design

technology has rapidly evolved (8, 9 and 3). The general procedure

Is to determine crack growth rates for given conditions and then to

somehow integrate an equation which describes the growth rate thereby

establishing a 'safe life'. The rate equation is typically of the

form:

da f(S. a. 4) (1)

where da/dN is the FCG rate (in/cycles), and f(S, a, 4)-is a function

of the gross stress (S), the crack length (a), and the geometrical

or shape conditions (@).

Numerous proposals for fatigue crack propagation 'laws' in the

form of Equation (1) have been developed recently. Several of these

may be found in a paper by Hoeppner and Krupp (3). Almost all of

these proposed FCG 'laws' suffer from the same inadequacy. Briefly

stated, most of these FCG 'laws' are inadequate either because they

fall to describe all three regions of crack growth (Figure 6) or

because they require one to assume the FCG threshold (K ) and/or the

FCG instability stress intensity (Kb).



t *

* INITIATION

PROPAGATION

* FINAL FRACTURE

FOR A GIVEN
I "MATERIAL

INDENTIFY CONTRIBUTION OF

EACH, i.e. INITIATION,

PROPAGATION

'HE CONTRIBUTION OF EACH WILL VARY WITH MATERIAL,

PROCESSING, APPLIED LOAD LEVELS, GEOMETRY, ENvIRONMfEJT

CONTAMINANT, FRCQUCICY, CONTAMINANT CONCENTRATION

Figure 5: *Fatigue Design Problem



000

I I

ree

* IN

° " " I

9. R I I •I

I:1.

I .?.

0AK I REINj:iRC

*PWE - LAW.

I i

0

I- AT I
do m

OG I: FI RGE, 6K

o !RAPID... SLOW'LY GROW-
ING FATIGUE IUNSTABLE
CRACKS IREGION.2: . .-, ICROWTH

POWER -LAW 'J
IRELATIONSHIP PERMITS
FATIGUE LIFE

I CALCULATIONS I
I .3

AlK1  A 1%

.. • LOG STRESS-INTENSITY FACTOR RANGE, A K

Figure 6: The Three Regions o( FCG

1I



A relationship which does not suffer from either of the above

mentioned inadequacies was developed by Bowie and Hoeppner (10). The

relationship, known as "the four parameter Weibul survivorship func-

tion", is given as:

da K llk
TN e + (v-e) (-in (1- ) ) (2)

b

where k. e, and v are empirical constants and Kb is the stress inten-

sity range where da/dN is infinitely large. All four of these para-

meters may be analytically determined through a regression analysis.

The details of this anlaysis (which was further developed at the

University of Missouri - Columbia (11, 12)) will not be discussed

iiurv- t : toa t eatu I rt i ut tu L'I i uv F '. % ul u j ,) i.J l :.-

depth discussion.

A unique feature of this relationship is realized by extrapolating

to the lower asymptotic, condition, da/dN = 0. When this is done the

threshold stress intensity, K0 can be solved for, as done in Equation

3:

K = Kb - exp e (1-R) (3)
I.

3.1.2 Fatigue Crack Initiation

Whenever fatigue crack initiation is discussed a basic difficulty

Is always encountered. That difficulty being the definition of ini-

tiation itself. In the field, initiation is most often defined as a

fatigue crack of size a0 which is the smallest size the nondestructive

12



testing (NDT) equiPmcnt cmployed can detect. Initiation, defined in

this manner, then becomes a function of the NDT technique involved,

the NDT properties of the material tested, and the location and orien-

tation of any particular flaw sought. While this particular defini-

tion is adequate and applicable to many situations, it is not related

in any way to fatigue crack initiation. Since the mechanistic theory

of initiation is just beginning to emerge it would be presumptuous

for this author to 'dfine what constitutes true initiation at this

time. Instead, some proposed fatigue crack initiation mechanisms will

be discussed. From this discussion it is hoped that at least a basis

for the definition of initiation can be found for the case at hand.

It is becoming generally recognized that both fatigue crack ini-

Sa-rc- ta. r. a a **.

straint to deformation. The known processes that may lead to fatigue

crack initiation are slip, twinning, cleavage, grain boundary flow or

fracture, phase boundary flow or fracture, and particle boundary flow

or fracture (14, 15). These processes are generally thought to occur

at continuum discontinuities, however under specific conditions they

may develop from pure deformation and the subsequent interaction of-

point or line defects. It is interesting to note that all processes

mentioned are internal phenomena rather than surface phenomena.

As a result of this plastic flow theory some researchers (16) have

attempted to determine K values from plastic parameters such as the

shear modulus. Attempts of this sort, while claiming success, seem

to neglect the fact that macroscopically determined parameters, such

13



as the shear modulus, are gross generalizations when they are applied

to the microscopic level (17).

It now appears that the dislocation structures generated near a

fatigue crack are different from those found in the general bulk (18,

19). In the bulk, the dislocations are arranged in veins or cell

walls in what might be termed an open weave density. Near the crack

tip, dislocations are found to arrange themselves in well defined lad-

der or cell structures (18, 19). These dislocation structures near

the crack tip are the result of both generation and transfer of dislo-

cations from the surrounding matrix. The highly defined ladder or cell

structure approximately corresponds to the plastic zone size calculated

by fracture mechanics (18).

While the above discussion pertains to a preexistent crack it

is found that the same type of structure develops at initiation sites.

When these structures are found at initiation points they have been

termed persistent slip bands (PSB). Some researchers have theorized

that the PSB result in intrusions and extrusions (Figure 7) which

develop into fatigue cracks (19, 20). While this particular theory

is far from proven it does appear that the development of bands of

high dislocation density surrounding a matrix of relatively low dis-

location density is a prerequisite for both initiation and propagation

of fatigue cracks.

3.1.3 Corrosion Fatigue

As fatigue research has progressed, it has become more apparent

14
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that environment is an important factor. Laboratory air tests which

were once thought to represent pure fatigue have since been shown to

be sensitive to the testing humidity among other environmental para-

meters. As a result, extensive research on corrosion fatigue has led

to the traditional model which superimposes the stress corrosion

cracking phenomenon upon the fatigue phenomenon. As a result the

phrase, 'the synergistic effects between corrosion and fatigue', has

become popular in recent years. This synergistic interaction is known

to affect both the initiation and propagation stages of corrosion fa-

tigue in several ways (21). In general, the more severe the environ-

ment the less time is required to initiate a fatigue crack and the

higher the fatigue crack growth rate.-

0 Since fatigue crack initiation is poorly understood it is no

wonder corrosion aided fatigue crack initiation is even less well un-

derstood. It has been reported that there is a relationship between

the previously mentioned persistent slip bands and the electrochemical

dissolution rate (22). It is theorized that more severe environments

accelerate the process by which PSB lead to initiation (19). It is

not clear at this time whether this acceleration is due to the dis-

solution of certain structures within the PSB or some other mechanical-

chemical process. However, it does seem evident that any comprehen-

sive theory on corrosion fatigue crack initiation must take into con-

sideration the process of oxide or film growth, passivation, and dif-

fusion, and their effects upon the near-surface dislocation structures

and local mechanical properties.

16



When fatigue crack growth occurs in an active environment, inter-

actions occur at the crack tip which generally decreases the fatigue

* life. Several different theories have been developed which attempt

to explain these interactions, however most of them are based upon

the same theoretical driving force. That driving force might be ex-

plained in the following way. As the local stress is increased and

the crack begins to propagate, resulting in the formation of two new

surfaces, the freshly exposed surfaces are anodic to the rest of the

structure. Under normal circumstances the anodic crack tip area is

much, much smaller than the area of the rest of the structure and thus

extremely high dissolution rates should occur there, Figure 8 (23).

As a result, transient oxidation or passivation effects on the order of

milliseconds become very important (19). This explains the often ob-

served frequency effects in corrosion fatigue growth rates (24, 25).

Another parameter which is often seen to have an effect on the growth

rate is the R-ratio (26, 27). This effect may be explained on the

basis of the crack tip opening displacement which limits the access of

the corrosive environment to the freshly exposed surfaces. It should

be noted that the local chemistry near the crack tip is quite different

from that of the bulk solution (19).

As mentioned previously, several theories, all based on the same

theoretical driving mechanism, have been developed which attempt to

explain corrosion fatigue. These theories might be divided into three

separate categories (19):

1) theories involving dissolution of metal at the tip,

17
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2) theories involving essentially mechanical crack tip

effects,

3) theories involving changes in the local deformation

character of the material at the crack tip.

Theories of the first type (28) simply attribute the increased

crack growth rates to the anodic dissolution at the crack tip. From

this type of theory it follows that increased anodic reactions result

in increased growth rates. However this is not always the case (29).

The second group of theories suggests that the mechanical proper-

ties at the crack tip are altered or that the crack tip geometry it-

self is altered. This alteration results from the environmentally

example, a ductile to brittle transition of the oxide film might in-

crease the growth rate by effectively sharpening the crack tip (30).

The third group of theories relates the changes in crack growth

rate to changes in the mechanical properties in the plastic zone.

These theories depend upon the diffusion of elemental species into

the metallic lattice. It is proposed that the diffused specie either

reduces the cohesive strength of the material sufficiently to promote

a cleavage mode of fracture (31) or, dependent upon the conditions,

has a hydrogen embrittlement type effect (32). Interestingly, hydro-

gen would be expected to be generated near a propagating crack tip in

an aqueous environment (23). Figure 9 (23) conjecturally illustrates

how crack tip dissolutionment could result in atomic hydrogen entering

t~e metallic lattice. For an in-depth review of hydrogen embrittlement
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the reader is referred to references 33, 34, 35 and 36.

Since none of the above mentioned theories can completely account

for all cases of environmentally accelerated fatigue crack growth, it

Is suggested that all of them may play a role with particular environ-

ments in combination with specific materials determining which mech-

anism(s) is (are) dominant. If this is indeed true, corrosion fatigue

effects will not be analytically predicted for some time to come.

3.2 Localized Corrosion - Pitting

Corrosion has been described as the destructive attack of a metal

by chemical or electrochemical reaction with its environment (37).

The monetary cost of corrosion to the civilized world each year is

S staggering. Iluch of this rionetary los is accounted for by fors of

corrosion which lead to an obvious degradation and eventual replace-

ment of a part. But perhaps ethically more important are those types

of corrosionwhich are difficult to detect, since they could often lead

to the leakage of hazardous materials or to sudden fracture, either of

which could endanger human lives. A prime example of this type of

corrosion is known as pitting. While pitting occurs in many materials,

attention here will be directed specifically to the pitting of aluminum

Alloys in a sodium choride solution.

Metals which owe their corrosion resistance to passivation (passi-

Vatton is a result of an oxide barrier film between the base metal and

the environment) may be susceptible to pitting when certain environ-

ments are encountered (38). Aluminum Is generally resistant to corro-

sion due to its passive film and therefore is potentially susceptible



to pitting. For pitting to occur the environmental presence of cer-

tain anions is required. The most prevalent pitting anion is Cl',

however Br-, I-, and F" are also encountered (39). Pitting is an

extremely localized attack of a metal. Corrosion pits may generally

be described as semielliptical cavities in a material and are caused

by chemical or electrochemical reactions. Pits may be found singly,

or more'ofter, distributed in an apparently random fashion across the

metal's surface (38). The pits' small size plus the fact that they

are often filled and obscured by corrosion products and other debris,

makes them difficult to detect (38).

Any evaluation of pitting must address two distinct and sequen-

*tial subjects: 1) pit initiation and 2) pit growth. Pit initiation

involves the understanding of the mechanism and the possible retarda-

tion of that mechanism. Pit growth involves the chemical kinetics of

a pit once it has been initiated.

3.2.1 Pit Initiation

When approaching the subject of pit initiation on an unstressed

aluminum surface exposed to a brine solution, tw'o major questions pre-

sent themselves:

a) By what mechanism does pit initiation occur?

b) Why do certain areas on the aluminum surface induce a pit

to initiate? In other words, what kind of physical dis-

continuities, in either the metal or the solution, establish

the chemical or electrochemical forces necessary to initiate

a pit?



The first question might be answered in the following way.

Aluminum immersed in a sodium chloride solution forms a protective

surface film (i.e. it becomes passive) which slows the corrosive pro-

cess to a minimum. It is hypothesized that chloride ions (Clf) local-

ly breakdown this passivity and initiate pits. The process by which

this breakdown occurs is not definitely known but is thought to in-

volve two steps: 1) adsorption of Cl" on the oxide-solution interface

under the influence of an electric field and 2) the formation of a

basic hydroxy chloride aluminum salt which is readily soluble (Figure

10). As the passive layer is locally dissolved, chloride ions are

drawn to that area due to the increased local corrosion rate. This
increase in Cl" concentration causes an increased dissolution of the

oxide layer, wnich causes more CI- to be drawn to the site and on

and on until the oxide layer no longer forms because its constituents

immediately go into solution (37). At that point, the pit can be said

to have completed initiation and be in the pit growth phase.

The answer to the second question has not yet been formalized into

a precise theory, but general observations may be made. First it seems

obvious that the initiation site is determined by some sort of local

discontinuity since a localized attack occurs. The cause of the initial

imbalance in corrosion rates (and therefore the initial imbalance in

CI" concentration) could be due to any number of things such as a small

surface scratch, a discontinuity in the protective oxide film, a dislo-

cation which intersects the surface of the metal, certain grain orien-

tations, grain boundaries, or perhaps Just the random variations in

23
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j solution composition (37, 38). It is apparent that during the initia-

tion and early growth stages of a pit, conditions are especially un-

stable in that any stray convection current can easily sweep away the

localized chloride ions responsible and thus allow the relatively

stable surface film to return. This instability has been experimental-

ly observed (38).

Pit initiation up to this point has only been discussed for the

situation where the material is statically stressed. Literature con-

cerning how the mechanism is altered when the base material is experi-

encing a stress (and necessarily a strain) transient is sparse. This

is surprising since most materials experience stress transients of one

type or another. Since little has been published on this subject the

authnr will nroDose a theory based upon a Dro.iecticn of what has been

0 published and upon the author's basic mechanical knowledge. It should

be remembered that this theory has not, to the author's knowledge, been

experimentally proven.

Since the oxide film is both chemically and structurally different

from the base material we must consider the mechanical system to con-

sist of two separate materials with different physical properties. A

truly effective passive film (such as the type typically associated

with aluminum) is continuous and coherent. It also has a strong af-

finity for the base metal and is normally very thin relative to the

base material (38). Also oxide films tend to be much more brittle

than their base materials.

When a structure which is immersed in a pitting environment is

2
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subjected to a stress transient (in this case simple tension (Figure

11)) the base material may be under either stress controlled or strain

controlled conditions. It seems reasonable to assume that the oxide

film's addition to the load carrying capacity is negligible. There-

fore the oxide film is always subjected to strain controlled condi-

tions since it adheres to the base material. When certain strain

levels are attained the brittle oxide layer should fracture exposing

base material and thus accelerating initiation.

The fracture of the oxide layer might occur in either of two ways.

the first way would involve fracture through the oxide layer in a di-

rection normal to the tensile strains. Since the strain is primarily

transferred from the base material to the film through shear loading-

*along the interface rather than through the oxide layer itself, frac-

ture should occur in numerous places causing a ladder type appearance

(Figure 12). As a result we would expect numerous initiation sites.

The second type of fracture which might occur would begin along the

oxide-base interface effectively separating the oxide layer from the

base on a local level. As these local separations become larger,

fracture would eventually occur in a direction normal to the surface

causing the oxide layer to flake off. This type of process would ex-

pose relatively large areas of base metal to the environment thus sig-

nificantly accelerating pit initiation (Figure 13).

When strains in the oxide layer are insufficient to cause frac-

ture, pit initiation should still be accelerated. The acceleration

would be due to higher diffusion rates in a strained structure. This

26
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Is assuming that pit initiation is in fact at least partially con-

trolled by a diffusion process.

When a structure is subjected to a fatigue type loading rather

than a single transient, one would expect the minimum strain at which

oxide fracture occurs to be lowered. In iddition, if the mechanically

induced, newly exposed surfaces repassivate the process would start

again. This suggests that under certain conditions, fatigue crack

initiation might occur as a result of successive cracking and subse-

quent passivation.

3.2'2 Pit Growth

OrCe a pit has been initiated the'question arises as to what

9 mechanism continues its growth. A corrosion pit is a unique type of

anodic reaction. It is an autocatalytic process (37). That is, the

corrosion process within a pit produces conditions which are both

stimulating and necessary for the continued growth of the pit. The

mechanism in effect involves the rapid dissolution of aluminum ions

within the pit, while oxygen reduction takes place on adjacent sur-

faces (37). (The presence of copper containing phases accelerates

the reduction of oxygen and thus the pitting process (38)). The

-rapid dissolution of metal within the pit tends to produce an excess

of positive charge in this area resulting in the migration of chlo-

ride ions so as to maintain electroneutrality (38). These chloride

ionis combine with the aluminum ions, usually in the form of AICl 3 (40),

nd disperse into the solution due to that compound's high solubility.

This then adds to the force driving the pit's growth at an ever-



accelerating pace which is limited only by the diffusion rates. In a

sense, pits cathodically protect the rest of the metal's surface (37).

Figure 14 illustrates the pit growth mechanism.

The effect of stress, and in particular fatigue stresses, upon

pit growth is about as poorly understood as it is for pit initiation.

However, in the author's opinion, at least two opposing effects are

involved. The first effect would be that the dissolution of aluminum

would be aided by the potential energy increase due to the material

straining. The second effect is a result of the volure change within

the pit as the structure is cycled. As the volume is expanded and

then contracted a pumping action would occur which would tend to aid

add to pit growth instability.

3.2.3 Pit Growth Rates

Corrosion pitting has been found to be related to area of expo-

sure, time of exposure and the material/environment under considera-

tion. At this time the two equations used to determine pit depth are

due to Scott (41) et al., and Godard (42). They are, respectively,

2

a bA2  (4)

and

a C1 (t)1/3  (5)

where

a maximum pit depth
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A = area of exposure
i "'t a time

b,C I - are parameters related to the material/environment

combination

The first equation above is based upon allowing exposure time to

be constant while the second is based upon allowing exposure area to

be constant. Since C, and b are material/environment parameters they

must be determined experimentally.

Another applicable method of determining pitting rates under spe-

cific conditions is the use of extreme value statistics. An excellent

* analysis on this subject is presented by Aziz (43).

3.3 Stress In A Pit

The importance of pitting to the present work is that pits are

natural stress raisers and therefore potential sites for fatigue

crack initiation (Figure 15). As such it is important to establish

an analytical method for determining the stress at the pit. The

first step in determining any analytical method is to geometrically

describe the flaw (pit). As is generally the case, this step is a

major barrier which can only be overcome by idealization of the true

geometrical shape (most often extremely complex) into a manageable

shape. Manageable shape in this case being a shape which is easily

defined mathematically. The validity of any evaluation will be depen-

dent upon the degree of idealization. Therefore it seems necessary

to determine the true geometrical shape of the flaw before the validity
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of any analytical method can be evaluated.

Pits come in a wide range of shapes and sizes however most of

them which are encountered may be generally described as semiellipti-

cal surface cavities (38). As such they are typically described by

two parameters, the pit depth (a) and the pit diameter at the surface

(2c) (Figure 16). Being cavities they are three dimensional in nature.

These cavities are rarely smooth surfaced and in fact can often be

extremely irregular. From the above it can be concluded that the op-

timum mathematical shape would account for:

1) the three dimensional nature of the flaw,

2) the irregularities along the cavity walls,

3) the statistical variations of both one and two above.

9 The first requirement could easily be satisfied either analyti-

cally or more probably numerically. The second requirement is more

difficult to satisfy but might be handled by modeling of the 'largest'
surface irregularity at the point of maximums stress and then idealiz-

ing the remainder of the cavity as being smooth (Figure 17). The

third requirement is without doubt beyond the capability of present

day technology and is therefore impossible to analytically treat at

this time.

One analytical method would be to devise a three dimensional

finite element analysis around the geometrical shape shown in Figure

17. This method seems to approach the problem with the least distor-

tion of the actual shape.

An alternative approach would be to idealize the three-dimensional
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shape of the pit as a two dimensional semielliptical surface flaw

(Figure 18). While this at first appears to be a gross idealization

it does provide a simplified -nonnumerical method for evaluating the

stresses surrounding the flaw. In addition, if pit initiation occurs

by means of oxide fracture as mentioned in the previous section, the

semielliptical surface flaw idealization error would tend to greatly

diminish. It should be noted that this type of idealization would re-

sult in the prediction of higher-stresses than actually would occur (44).

The initial analysis'of a semielliptical surface flaw is credited

to Irwin (45) and was later refined by Paris (46). The form of the

equation for the stress intensity (K) at the bottom of a semiellipti-

cal crack is of the form:

* 2 1/2
K r (6)

K0.177 M (_)2 )
* Gys

where M = 1 + 0.12 (1 - a/c) and is the front-face free surface

* correction factor, , is the elliptical integral as is described in

Figure 19, a is the gross stress, ays is the yield stress of the

* material, and a and c are as defined before. The above equation as-

sumes that there are no back surface or net section effects (i.e. the

crack dimensions are much, much smaller than the part dimensions).

Having developed the technical background to support the objec-

tives, the theory was investigated experimentally using 2124-T851

aluminum.
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4.0 MATERIAL CHARACTERIZATION

For this investigation the aluminum alloy 2124-T851, in the form

of a 3"-thick plate, was chosen, (formerly designated, "Alcoa 417

Process 2024") (47). (Note: since 2124 and 2024 are so similar they

will be compared throughout this material characterization.) The alloy

itself is 2124 while T851 indicates the heat treatment. In this case,

a solution heat treatment followed by cold working, artificial aging,

and stress relief provided by stretching to a 0.5 to 3% permanent

set (48). Alloy 2124 is a high purity derivative of 2024 in which iron

I and silicon concentrations are more closely controlled (47). The 2000

series, of which 2024 and 2124 are both a part of, can normally be

*U~asi.ia;~Uuy I~I (IIm ULLU (,UfILCiH(. kO 3 - 2.3 YJ

Copper is one of the most important alloying elements in alumi-

num systems because of its high soluability and strengthening ef-

fects (48). Copper can contribute to the strengthening of aluminum

alloys in two ways, 1) as a solid solution inhibiting dislocation

movement and, 2) as part of a precipitate which also inhibits dislo-

cation movement but to a much greater degree (48). It is this second

feature, precipitation hardening, which is by far the most important.

By using various heat treatments a wide range of properties may be

obtained (48).

The precipitates normally encountered are either CuAl2 or, if

enough magnesium is present, CuMgAl2 (48). The magnesium is normally

added to increase and accelerate age hardening at room temperature (48).

Other phases one might possibly encounter are Mg2A13, Mg2SI, and MgZn,
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provided adequate concentrations of these elements are available (48).

Other general properties of the 2000 series alloys are that they

do not have a corrosion resistance as good as that of most other alu-

minum alloys and under given conditions are sometimes subject to inter-

granular corrosion (50). However the alloys in this series are gener-

ally thought to be highly resistant to stress corrosion cracking (51).

When these alloys are in the heat-treated condition they have mechan-

ical properties approximately equivalent to those of mild steel (50).

4.1 Chemical Analysis

In Table 1 the chemical compositions of 2124 and 2024 aluminum

systems are given. The constituent limits are listed along with the

cexperimentally determined for the 2124 plate used in this

investigation (52). The experimentally determined composition falls

within all given limits set for this alloy.

When comparing 2124 composition limits to 2024 composition limits

the only differences are for the elements iron, 0.30 max to 0.50 max;

silicon, 0.20 max to 0.50 max; and titanium 0.05 max to 0.20 max,

respectively. In other words, assuming that these are tramp elements,

2124 is a slightly cleaner alloy. The reduction of iron and silicon

concentrations would be expected to improve the fracture toughness

of this alloy (20).

4.2 Orientation Terminology

In order to describe the anisotropic properties in the following

*Sections it seems best to introduce a reference system at this time
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TABLE 1

COMPARISON OF CHEMICAL COMPOSITIONS

2124 2024
2124 Green Letter ASTM

Element Actual, % Limits, % (47) Limits, % (53)

Copper 3.88 3.8- 4.9 3.8 - 4.9

Magnesium 1.34 1.2- 1.8 1.2 - 1.8

Manganese 0.52 0.30 - 0.9 0.30 - 0.90

Zinc 0.08 0.25 max 0.25 max

Iron 0.06 0.30 max 0.50 max

Silicon 0.06 0.20 max 0.50 max

Titanium 0.02 0.10 max

thr-niim n nl A ln inv

Nickel 0.01 ---

Lead 0.01

Tin 0.01 ---

Others

Each --- 0.05 max 0.05 max

Total --- 0.15 max 0.15 max

4
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which will be adhered to throughout the remainder of this work. Re-

fering to Figure 20, three directions are required, rolling (R), thick-

ness (T), and width (W).

With these directions as a reference, a plane is specified by the

direction normal to it. For example, a T-plane is any plane which is

parallel to the rolled surface. Whenever a specimen is under consid-

eration, two letters shall be used, the first letter specifies the

loading direction while the second letter specifies the directicn in

which the crack will propagate. For example, a specimen in the RW

orientation is loaded in the R-direction and fractures in the W-direc-

tion. When a specimen is to fracture in more than one direction (i.e.

radially on a plane) it shall be described by two letters. The first

letter specifies the loading direction as before but the second spe-

cifies the normal to the fracture plane. For example, a specimen in

the RR orientation is loaded in the R-direction while the fracture

occurs in both the W and the T directions.

4.3 Hardness and Tensile Tests

Hardness and tensile tests were conducted at midthickness of the

three inch plate. The averaged values for those tests are found in

Table 2 along with the tensile properties for 2124-T851 as specified

in Alcoa's Green Letter (47) and those for 2024-T851 as specified by

ASTM (53). The tensile specimens, (three separate specimens were tested

and the results averaged), were machined from the midplane of the

plate according to Figure 21 and were in the RR orientation.

0
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TABLE 2

MECHANICAL PROPERTIES OF 2124-T851 AND 2024-T851

RR - Orientation
2124-T851 2024-T851

Property ActuaT pecified, (47) Specified, (53)

Tensile Strength 65.0(448) min 66.0(455) min
Ksi (MPa) 72.5(500) 69.8(481) avg 70.0(483) avg

Yield Strength 57.0(393) min 58.0(400) min
Ksi (MPa) 63.0(434) 63.5(438) avg 65.0(448) avg

Elongation, 6min 5min
9.0 avg 8.0 avg

-Hardness (2124-T851)

Hardness, (Rockwell -B)

Plane 1 2 3 Avg.

R 79.9 79.0 80.0 79.6

W 74.9 76.8 74.0 75.2

T 77.5 78.5 79.5 78.5
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From the mechanical properties table we see that the actual ten-

sile and yield strengths for the 2124-T851 3-inch plate compare favor-

ably with those specified. Also the specified 2124-T851 tensile and

yield strengths are slightly less than those specified-for 2024-T851

while the 2124-T851 is slightly more ductile.

4.4 Fracture Toughness

Facture toughness tests were not performed on the test material,

however KIC values from the literature (54) have been included in

Table 3 for both 2124-T851 and 2024-T851. While these values must

be viewed cautiously in reference to the particular material used in

this investigation they give a general idea as to the probable ranges
ano i nodicALe tne Tracture toughness super- iur-Ly ui 21c4-TOj v=

2024-T851.

I 4.5 Microstructure

The microstructure was examined at three different levels through

* the plate thickness: a) near the surface, b) at the quarter plane

(1/4-deep) 0.75 inches below the surface, and c) at the mid plane

(1/2-deep) 1.5 inches below the surface, (Figure 22). The three prin-

cipal orthogonal planes, (R, W. and T), were prepared for each level.

Each specimen was metalographically prepared and then etched with

Keller's etching reagent (55). The three levels were chosen with the

intent of showing microstructural variation through the thickness of

the three inch plate.

The resulting photoicrographs are shown in Figures 23, 24, and
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TABLE 3

FRACTURE TOUGHNESS VALUES FOR 2124-T851 AND 2024-T851

ENVIRONMENT - LAB AIR

Published. K, ~Published K1
(Ksi vrin)Jo (Ksi in)C

Orientation 2124-T851, (54) 2024-T851, (54)

RW 23.6* 21.6**

eI'R 22.8* 18.4**

*Thickness = 0.75 inches

,, **.Thickness : 0.625 inches
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25. From these photomicrographs it was noted that:

1) The concentration of dark spherical particles, (CuMgA12 or

Cu2Mn Al20 precipitates), decreases as the center of the

plate is approached. - ....

2) The degree of deformation of the grains decreases as the

center of the plate is approached.

3) Strain lfnes appear at all levels and in all orientations.

4) There is a high contrast between grains which is normally

associated with the precipitation of the hardening phase,

CuMgAl2, on the matrix slip planes (1).

5) In comparing these micrographs with those in literature,

(26,56), for 2024, one may observe that the precipitates

are much smaller and more dispersed in the 2124 alloy.

From the above observations, it was concluded that:

1) The test material is typical of cold rolled, artificially

aged aluminum, with grains flattened in the thickness direc-

tion and elongated in the rolling direction.

2) The reduction in size and density of distribution of the large

precipitate particles correlates with the increased fracture

toughness properties found for the 2124 alloy.

3) Specimens should be machined from the midplane so as to

provide the most uniform microstructure and properties.

4.6 Sunnary of Material Characteristics

In surmnary, the material used in this investigation, (2124-T851
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* Figure 23

- licrostructure of 2124-T851 Aluminum

Near Surface

(Keller's Etching Reagent)

(a) R-orientation 50x
(b W-orientation 50X

*(C) T-orientation 50X
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Figure 24

Iicrostructure Of 2124-T851 Aluminum

1/4-Deep

(Keller's Etching Reagent)

(a) Rorientation 5Ox

(b) W-orientation 50x

I . (W T-orientation 50x
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Figure 25

Microstructure of 2124-T851 Aluminum

1/2-Deep

(Keller's Etching Reagent)

(a) R-orientation 50x

(b) W-orientation 50x

(c) T-orientation 5Ox
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I



*O In the form of a three inch thick plate), meets or exceeds all pro-

perty specifications which were evaluated and is typical of heavily

cold worked, solution heat treated aluminum alloys. Furthermore,

this material is very similar to the-more widely known 2024-T851 and

has similar mechanical properties with the exception of fracture

toughness values which range somewhat higher for the 2124-T851. Fi-

nally, the material may be susceptible to intergranular corrosion but

should show a high resistance to stress corrosion cracking.

IQ
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5.0 EXPERIMENTAL PROGRAM AND PROCEDURE

Up to this point the objectives have been stated, the technical

background presented, and the material characterized. This chapter

will present the actual research conducted in order that the initial

S objectives might be met. In so doing, this chapter covers all aspects

of the research project, from the planning and actual testing stages

through to the reduction of the data acquired.

5.1 Experimental Hypothesis

The hypothesis suggested for this investigation consists of six

parts;

I) Test environment will alter fatigue crack growth rate with

the b so.. .tion resulting in higher qro'th rdes.

2) A brine environment will accelerate initiation of fatigue

cracks on polished 2124-T851 aluminum surfaces and thus lower

the S-N curve.

3) S-N tests of 2124-T851 aluminum in a brine solution will not

show a fatigue limit.

4) Pit growth can effectively be monitored using a photographic

system which is described later.

5) The empirical pitting rate equation

a -C t1 /3  (5)

can be applied to pitting under fatigue conditions.

6) Fatigue crack initiation from corrosion pits can accurately

be predicted by modeling the pit as a semielliptical surface
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flaw and the use of a threshold stress intensity determined

from propagation data.

5.2 Test Matrix

..The test matrix followed in this investigation consisted of two

parts. The first part consisted of crack propagation tests, two

tested in lab air'and two tested in a 3.5% sodium chloride solution.

The second part consisted of S-N tests, some to be tested in lab air,

with the majority to be tested.in a 3.5% sodium chrloride solution.

Since S-N data for this material was not available the exact num-

ber of tests of this type, in any particular environment could not beIo
established before actual testing began. Eighteen specimens were avial-

* aDo e Tor zesti y. it was expected that Lhree to four tests would be re-

quired to establish the lab air baseline with the remainder of the spe-

cimens available for salt water pitting tests. The objective was to

establish a cycles-to-failure range extending from around twenty thou-

sand cycles to runout (four million cycles, plus). In addition, a mini-

mum of five salt water tests were to be tested at the same stress level

(that level corresponding to the S-N midrange). Both propagation and

S-11 tests were to be conducted under sinusoidal loading (load control)

at a frequency of 10 Hz and an R-ratio of +0.1.

5.3 Test Equipment

The test system employed for the fatigue crack growth and S-N

experiments used MTS Systems Corporation control electronics and a

* load frame designed and constructed at the University of Missouri-
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Columbia (26). A schematic representation of the system is shown in

Figure 26. Table 4 lists the components of the system.

The operation of the test system may be sumarized as follows:

1) A program signal is produced by the function generator and

and routed to the 406 controller.

2) The program signal is used to provide a drive current to

the servo valve on the actuator. The actuator is 'slaved'

to the servo-valve and thus responds to movement of this

valve.

3) A signal is produced by the load cell (for load control

operation) or the LVDT (fo r stroke or displacement control

operation). This so-callea feedback siqnal is rniJtFd fn

the 406 controller.

4) The feedback signal is compared to the program signal and

any deviation results in the addition of an 'error' current

to the program current. This alters the servo-valve drive

current, thus completing the 'loop'.

5) The purpose of the 436 control unit is simply to allow re-

mote control of the hydraulic power supply and the function

generator.

6) The relative magnitudes of the load and stroke signals are

displayed on the digital voltmeter.

The photographic system used in this investigation (used for

S-N tests only) is shown schematically in Figure 27. Essentially,

the system anounts to a pulsed illumination source and a camera, with
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TABLE 4

Test System Component List

Number Component Description Model or Part Number

I Digital Indicator MTS Model 430

2 Controller MTS Model 406

3 Control Unit MTS Model 436

4 Function Generator MTS Model 410

5 Hydraulic Power Supply See Reference (26)

6 Accumulator Greer Model A107-200

7 Accumulator Greer Model A108-200

8 Hand Valve

9 Scrv-V ve ploog 5 gpri Valve

10 Hydraulic Actuator MTS Model 204.62

11 Load Cell
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M,, TS SYNC PULSE

FUNUc T ION
GENERATOR
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LA,,P . BEAULIEU

"3 RIG

I Figure 27: Block Diagram of Camera System

I1L 64



both.synchronized to the function generator program signal. A de-

tailed explanation of the camera system may be found in Reference (26).

The only major modification to the system was that a 35 mm SLR camera

was attached to the eyepiece. This allowed for single 35 mm photo-

graphs to be taken as well as 16 mm movies proving the diversity of

this basic test system.

IFigure 28 is a schematic of the optical train, while Figures
29, 30 and 31 shot. different views of the camera system. Figure 32

shows the complete test system as used in the lab air tests. Some

changes were made for the salt water tests-and will be discussed

below.

7he Cln iruiut. 'i fu 1 'h Sr - i v ~ L d ~i(iWU LU LJ. (J

vide a continuously flowing corrosive environment while effectively

isolating the specimen from possible galvanic corrosion with the

grips or other parts of the test system. The system, shown in Figure

33, consists of a sump (1500 ml beaker), a chamber that fits around

the specimen, and a pump to provide the constant flow of corrosive

I fluid.

The environment chambers were designed to fit around the speci-

men. This arrangement effectively contains the fluid, eliminating

the problems of galvanic corrosion between the specimen and grips.

Small slots were cut in the container and glass plates epoxyed in

these slots. These 'windows' allowed a clear view of the specimen

s'; f5C, essential to this photographic technique. Inlet and outlet

ports vere provided on each side of the chanber (Figures 34 and 35).
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Figure 29: Camera System Component Arrangement

jFigure 30: Optical Train and Camera
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Fiure 31: Camera System and Hydraulic Lift Table

Figure 32: Load Frame and Control Electronics
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I Figure 33: Load Fr~xne and Environmental System
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Figure 36 shows the arrangement of specimen, chamber, and grips.

Only those tests conducted in salt water had the environment chamber

attached. However, tests on the chambers effects on the loading of

the specimen showed it to have negligible effects.

Crack propagation tests did not include the photographic system.

The air tests were conducted according to ASTM Standard E399-74 (57)

with the crack lengths being monitored using a Gaertner 40X traveling

optical micrometer. The crack propagation environmental tank was con-

structed by Poon (25) and Panhuise (24). This tank was constructed of

plexiglass allowing for the same type of crack growth monitoring as

mentioned for the air tests.

S .4 iestina Procedure aIcI UdLd ALUUi i.LIU

Since two entirely different types of tests were conducted, this

section will be divided into two subsections. The first subsection

will describe the testing procedure and data acquisition for the pro-

pagation tests while the second will describe that for the S-N tests.

5.4.1 Testing Procedure and Data Acquisition For FCG Tests

The specimen type used in the FCG portion of this investigation

was a modified WOL specimen (wedge opening loading) of the Mode I

design (crack propagation orthogonal to loading direction) with a

height-to-width ration, h/W, of 0.486, where h is the half height of

the specimen and W is the distance from the centerline of the pin

holes to the edge of the specimen (Figure 37). The specimens were

* machined from the midplane of the three-inch-thick plate and were in

I
t 75



Figure 36: Specimen, Chamber and Grip Arrangement
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the RW orientation.

Each specimen was precracked one tenth of an inch or more. Both

the air tests and the salt water tests were then tested under sine

wave loading at a frequency of 10 Hz and an R-ratio of +0.1. Data

was acquired in the form of crack length and number of loading cycles.

5.4.2 Testing Procedure and Data Acquisition For S-N Tests

Unhotched axial fatigue specimens were used for the S-N tests.

Figure 38 shows the specimen geometry. The specimens were machined

from the midplane of the three inch plate in the RR orientation, with

the specimen thickness in the same direction as the plate thickness.

The stress concentration for this type of specimen is approximately

1.0 (Neuber theo-ry gives the stress concentraticio, t as oe.ween I.u

and 1.1 (54)). Axial tensile, sine wave loading was applied to the

specimens at a frequency of 10 Hz and an R-ratio of +0.1.

Prior to testing, all of the specimens were sanded tc a 600 car-

bide grit quality on all surfaces (front face, back face, and radii).

Subsequent to the sanding, the 'front' surface was polished to the

nine micron aluminum oxide level and then cleaned with ethyl alcohol.

Next, the back surfaces and radii were completetly covered with epoxy.

The front surfaces except for an area approximately .25 by .25 in.

centered at the point of maximum stress were also covered with epoxy.

(This was done to isolate the area of pitting attack thus aiding the

photographic technique.)

Two types of data were acquired during the actual testing

1) photographic scans of the pitted surface at times tI, t2, t3,

79



L

w
CC) Z

co W

00

00

I 0

Eo
< 1 1 -

0

0 -T-

c0j I

Ic

-. 4.---- ___



tf (for those specimens subjected to pitting environment only) and

2) number of cycles to failure at a given load. Subsequent to the

actual tests the photographic scans were to be examined to determine

1) the diameters of all observable pits at different times and 2) pit

diameter at first observable crack. Also fractographic examination

was to yield the (a) and (2c) of the 'fracture' pit providing a 'charac-

teristic' geometry.I
5.5 Data Reduction

This section will also be divided into two subsections for the

same reason as before.

S 5.5.! Data Keo1uctior. For FLG Ti.Lz

The raw a-N data are used to calculate values for da/dU and AK.

These values are obtained from the following equations:

da - i where i 0, 1,..., n (7)

K Pmax (a) 1 2 (Y)

max BW a

for L/W = 0.486

Ya = 30.96 - 195.8 (a/W) + 730.6 (a/W) 2

- 1186.3 (a/W)3 + 754.6 (a/W) 4  (8)
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and

f max (1-R) (9)

where

max = the maximum load applied

B = specimen thickness

W = specimen width

a = crack length

R = stress ratio (9min/rmax)

K has units of ksi/7i and may be converted to MPa/ff by multiplying

K by 1.098855.

Weibuli curve fits (of thc form n in q., .i -n 2) to the com-

bined air and the combined salt water da/dN - tK data are determined

numerically on a computer. With the k, e, v, and Kb constants evalu-

ated, the threshold stress intensity K determined by crack growth
Og

tests can be evaluated from Equation 3 which is reprinted here:
K (-ek

IKb (- exp (- ek)} (l-R) (3)
0g v-e

5.5.2 Data Reduction For S-N Tests

For the S-N fatigue tests the stress is determined as the maxi-

mum gross cross-sectional stress without stress concentration correc-

tion. This is done by dividing the maximum load (Pmax) by the mini-

S mum cross-sectional area (A') as given by:
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S =max (10)

where A' = minimum width times thickness.

From an SEM examination of the fracture surface, the (a) and (2c)

measurements of all pits which initiate cracks .and are in the frac-

ture plane are made. From these measurements, a/2c ratios are cal-

culated for each pit. This provides an estimate of the a/2c ratio

for the remainder of the pits on that specimen (when there are more

than one pit on the fracture plane the a/2c ratios are averaged).

Pit diameters (2c), at times tj, t2, ... tn, for all observable

pits (which are measured from the photographic scans at times tl,

t2, . tn) are then multiplied by that particular specimen's 'char-

acterIstic di1c ratio. This results in an estimated pit depth (a)

at time t for each pit on the surface of each specimen.

From this data the pitting rate constant (Cl) for each specimen

can be calculated from the following equations:

a.. ~(11)

m n

C mn J(12)
mn

where

ajj estimated pit depth for pit i at time t

t - time to photographic scan

n number of pits on the particular specimen's surface

m - number of photographic scans
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This results in pitting rate constants (Ci) for various alter-

nating stress levels. Also for the specimens tested at the same load,

variance in CI can be determined (for that alternating stress level

only) from the standard statistical equation for variance.

Finally, the validity of the model for the stress In a pit (semi-

elliptical surface flaw) is evaluated from the (a) and (2c) measure-

ments made by exaiination of the fracture surfaces in the SEM. This

is done for each pit observed to initiate a crack in two ways. First

the actual pit depth (aa3 , the actual pit diameter (2Ca), and the max-

imum cross-section gross stress (max) are used in Equation 6, which

is reprinted below:

O1ax i aM 1/2
c 42 _ 0.177 M s2

where M, 2 , and oys are as described before, to determine a calcu-

lated threshold stress intensity, K0 . The calculated threshold

stress intensity for each pit is then compared to the threshold stress

intensity determined from the propagation tests. The second way in

which the validity of the model for the stress in a pit is evaluated

begins by determining the actual a/2c ratios. Next pit depth values

are calculated from Equation 13 (which is Equation 6 rearranged);

K2  2 _ 0.177 M (_)2
0 cp Oy s,, (13)

max 4
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where a. is the pit depth calculated using actual a/2c ratios and

Kc M Is determined from actual a/2c ratios, and the remainder of
CP

the terms are as described before.

The calculated pit diameter values (2c) result from dividing

ac by the a/2c ratio.

5.6 Fractography Procedure

The fracture surfaces from both the propagation and S-N tests

were removed from each test specimen. These surfaces were prepared

for examination in a scanning electron microscope (SEM). A Bausch and

Lomb SEM-il was utilized in examining these fracture surfaces.

The primary effort of this examination was to correlate frac-

tbrpn in fhet If .L U. p i i Specimen-
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6.0 RESULTS AND DISCUSSION

6.1 Results and Discussion of FGG Tests

A total of four fatigue-crack growth tests were conducted, two

in lab air and two in salt water. The raw data. was obtained and

processed as described in Chapter 5. The raw data along with the

processed data may be found in the Appendix. The a-N data and the re-

duced da/dN - AK data for each test are plotted in Figures 39 through

46. Weibull curve fits for the combined tests are plotted in Figures

47 and 48 along with their respective threshold change in stress in-

tensity values AK calculated from Equation 3. Figure 49 compares

the curve fit of the air tests to that of the salt water tests.

In comparing the curves several things may be observed. These

observations are listed below.

1) Both curves are fitted to data which is. 'heavy' in the low

da/dN range.

2) The low end of the lab air curve fit appears to be shifted

to the right of the actual data.

3) The instability stress intensities (Kb) for lab air and

salt water are separated by a large range of stress in-

tensity.

4) For intermediate values of da/dN the two curves are approx-

imately equivalent and actually cross each other.

These observations are interpreted as follows:

1) The Kb difference is most likely a result of the lack of

high end data rather than any actual difference in Kb.
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2) The Kocp difference between the two environments is suspect
cp

because of the seemingly poor curve fit for the lab air low

end data.

3) The above two interpretations (along with the fact that the

intermediate portion of the da/dN curves are approximately

equivalent) indicate that the crack growth curves for the

four tests are not detectably different from one environment

to another.

This at first seems inconsistent with reported results (Chapter

3) indicating that salt water environments increase crack propagation

rates over lab air base line crack propagation rates. However, if

one considers the frequency effects on corrosion fatioti $ho bove

similarity in da/dN curves could be explained by assuming that the

10 Hz test frequency did not allow time for the corrosion effects to

occur. Another possible reason for this apparent inconsistency would

be that the 'test procedure biased the data somehow. The author has

no reason to suspect this.

6.2 Results and Discussion of S-N Tests

This section is divided into four separate parts each of which

center upon one particular aspect of the data generated from the

S-N tests.

6.2.1 Results and Discussion of S-N Data

A total of two air and twelve salt water S-N tests provided

useable data. The base data are listed in Table 5 where they are also
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reduced according to the method described in Chapter 5. A plot of

the S-N data is presented in Figure 50. While there was not enough

data generated to statistically determine relationships, two basic ob-

servations can be made. The first observation is the obvious degra-

dation of the fatigue life of those specimens tested in salt water.

The second observation is that the salt water S-N curve appears to

reach runout. " -

The first observation was expected, however there are two inter-

esting things that should be noted. The first is the severity in the

degradation of fatigue life (the approximate endurance limits for lab

air and salt water environments are 35 and 10 ksi respectively, while

at a stress level of 35 ksi the salt water test failed after 43.6

K11ocyces h1le the lab air tCst did not fail even after 4,500.0

kilocycles). The second interesting thing to note is that, in light

of the observations made concerning the similarity in the fatigue-

crack propagation curves, the degradation in the fatigue life can be

attributed almost entirely to the initiation stage.

The second observation (an endurance limit in the pitting environ-

ment) was not expected. This result might be explained in one of two

ways. First it is possible that pit growth did not occur or that it

stopped before a large enough pit size was reached to initiate a

fatigue crack. The second way this might be explained is that the

tests were simply discontinued too early and that failure would have

eventually occurred.
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6.2.2 Results and Discussion of Pit Growth Analysis

. (Photographic Technique)

The analysis of pit growth was not accomplished because the

photographic technique employed failed. The photographic technique

failed for two reasons. The first reason was that the reactions at

the corrosion pits produced gaseous bubbles which adhered to the spe-

cimen's surface and effectively covered the pits from view. Photo-

graphs .of a specimen surface during testing are shown in Figures

51 and 52. The second reason the photographic technique failed is

that the corrosion pits were 'closed corrosion pits'. Closed corro-

sion pits in this case means that the advancing surface of the pit

cannot be seen because of the oxide and other debris which fill and

cover the pits. Figure 53 is an SEM photograph illustrating the covpr-

It must be stressed that this technique only failed on this ma-

terial and only under the specific environmental conditions and specific

surface preparation previously described. This technique has been ef-

fectively used upon another material (14).

6.2.3 Results and Discussion of Fatigue Loaded Pit Geometry

The SEM was used to examine the fracture surfaces of the S-N spe-

j cimens tested in salt water. One result of this examination was to

enable the determination of all pit widths and depths which initiated

cracks in each specimen's fracture plane (in some specimens more than

one crack was initiated). The measurements made are illustrated in

Figures 54 through 56, and are listed along with various values

102



Figure 51: Bubbles Obscuring Pits During Testing (16X)

I

Figure 52: Specimen With Corrosion Debris and Bubbles
Near End of Test (16X)

f
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Figure 53: Pit Size Obscured by Corrosion Debris

(a) Fracture Plane (150X)

(b) Pitted Surface (IOOX)

I
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Figure 54: Example of Pit Dimension Measurements

(a) Fracture Plane (400X)
(Pit Depth)

(b) Pitted Surface (400X)
(Pit Width)
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Figure 55: Example of Pit Dimension Measurements

(a) Fracture Plane (003X)
(Pit Depth)

(b) Pitted Surface (200X)
(Pit Width)

1
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Figure 56: Example of Pit Dimension Measurements

(a) Fracture Plane (50OX)
(Pit Depth)

(b) Pitted Surface (300X)
(Pit Width)

I°

I

9
I

I

1 111i



calculated from them in Table 6.

The actual pit depths for crack initiation are plotted against

the specimen's maximum alternating stress in Figure 57. This plot

reveals decreasing pit depths with increasing maximum alternating

stress. T, is would be expected since the stress intensity is directly

proportional to both the nominal stress (a) and the flaw length (a)

and therefore theoretically the flaw length will decrease with in-

creasing nominal stress.

Another, and perhaps, more interesting result may be found in

Figure 58. This figure is a plot of the a/2c ratio for each pit

which initiated a crack against the maximum alternating stress. While

there is not enough data to actually say, it does appear that a pit's

9 a/2c ratio increases with increasing maximum alternating stress. If

this relationship is indeed true, it would have a significant impact

I upon the life prediction of a pitted structure due to the a/2c effect

upon the stress intensity.

6.2.4 Results and Discussion of the Semielliptical Surface Flaw
Model of a Pit

Using the pit dimensions measured with the SEM, the data reduc-

tion methods described in Chapter 5 were used to calculate 1) the

threshold stress intensity for the actual pits and 2) the pit depths

and diameters based upon the threshold stress intensity from the FCP

curves (Koc p = 3.20 ksi/-fi and the actual a/2c ratios. The base data

and the reduced data can again be found in Table 6.

Figure 59 relates the calculated threshold stress intensity from
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actual pit dimensions to the maximum alternating stress. From the

figure it may be observed that all of the calculated threshold values

fall below the threshold values predicted from the FCP threshold (K cp)

of 3.0 ksi i/T. However, it may also be observed that as the maximum

alternating stress increases, the calculated K6 increases which in ef-

fect reduces difference between calculated K and Koc p .

Because of the pit's three dimensionality, theory would predict

I the threshold stress intensity calculated from the actual pits to be

.greater than or equal to K0cp (i.e. actual pit dimensions should be

greater than those calculated from Ko). Since the exact opposite
ocP

occurred (actual pit dimensions were less than those calculated from

KA (Figures 60 and 61)), the validity of K. comes into serious
Q cCp

doubt. Ko0 could be incorrect for two reasons. First there is pos-
cp

sibly not enough data to accurately predict it. Secondly K evalu-
0ocp

ated by this method may not accurately predict the threshold stress

intensity.

6.3 Results and Discussion of Fractographic Examination

Fractographic examination of both the crack growth and S-N speci-

mens resulted in the fractographs presented in Figures 62 through 74.

The fractographs for the air crack growth specimen (Figures 62 through

65) and the salt water crack growth specimen (Figures 66 through 68)

illustrate the changes in fracture mode as AK increases. As may be

observed both specimens show the same transitions in fracture mode as

AK increases. (The salt water specimen' fractographs actually appear
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FRACTOGRAPHY

FOR

CRACK PROPAGATION SPECIMEN

AIR TESTS

Figure 62: Typical Fracture Surface In Low AK Region

AK 4 ksii/lTh

(Flat cleavage with cleavage steps parallel to

advancing crack front)

(Arrow Indicates Direction of Crack Propagation)

Figure 63: Typical Fracture Surface In Lower Intermediate

AK Region

uK 7 ksi/in

(Transition between cleavage with steps parallel

to advancing crack front and cleavage with steps

perpendicular to advancing crack front)

200x
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FRACTOGRAPHY

FOR

£RACK PROPAGATION SPECIMEN

AIR TESTS

I

I figure 64: -Typical Fracture Surface In Intermediate

_AK Region

AK 9.5 ksi/vzTi

(Flat cleavage fracture with cleavage steps

I perpendicular to the'advancing crack front)

200x

I

Figure 65: Typical Fracture Surface In High AK Region

AK 20 ksi/i-T

(Ductile tearing)

200x
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FRACTOGRAPHY

FOR

CRACK PROPAGATION SPECIMEN

SALT WATER TESTS

Figure 66: Typical Fracture Surface In Lower Intermediate

.AK Region

AK 5.5 ksi/Tqh

(Transition between cleavage with steps parallel

to advancing crack front and cleavage with steps

9 perpendicular to advancing crack front)

200x

Figure 67: Typical Fracture Surface In Intermediate

AK Region

10.5 ksi/T'

(Flat claevage fracture with cleavage steps

perpendicular to the advancing crack front)

200x
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FRAC TOGRAkPjY'

FOR

* SALT MATERTES -

Figure 68: T-ypical Fracture Surf-ace Iniligh AK'Region

(Ductile tearinFj

2 00x 
* -
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FRACTOGRAPHY

FOR

S-N SPECIMEN

AIR TESTS

Ie

Figure 69: Fracture Surface Near The Initiation Point

200x

Figure 70: Fracture Surface Away From the Initiation Point

lOOx
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FRACTOGRAPH(

FOR

j S-N SPECIMEN

SALT WATER TESTS

Figure 71: Fracture Surface Near The Initiation Point

200x

Figure 72: Fracture Surface Away From The Initiation Point

0Ox
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FRACTOGRAPHY

- FOR

-- S-N SPECIMEN

*Figure 73: Striations On Air Specimen At Cleavage -

Ductile Tearing Transition

Striation Spacing 9.5 x 10O- in

1300x

Figure 74: Striatio'ns On Salt' Water Specimen At

Cleavage-Ductile Tearing Transition

Striation Spacing 1.02 x104

l300x



rougher than those of the air specimen's, however this is attributable

to the corrosion of the fracture surface being exposed to the corro-

sive environment for an extensive period of time and not a difference

in fracture mode.) Cleavage fracture with cleavage steps parallel to

the advancing crack front was observed at low AK values. Cleavage

fracture with cleavage steps generally perpendicular to the advancing

crack front was observed in the intermediate AK range. Primarily

ductile tearing was observed at high AK levels. Fatigue striations

were not observed on any of the crack propagation specimens.

Figures 69 and 70 illustrates-typical fracture areas of the air

S-N tests while Figures 71 and 72 do the same for the salt water tests.

The air and the salt water S-N fracture surfaces were extremely simi-

lar to each other. In Figures 73 and 74 are fractographs of two stria-

tion areas which were observed. These were found near the cleavage-

ductile tearing transition and thus at relatively high AK levels. The

striations spacing indicates da/dN rates of approximately 9.6 x l0 S.

This da/dN rate on the crack propagation curves is the approximate

transition between Region II and Region III of the fatigue-crack growth

curves. This indicates that the change in slope of the da/dN curve

from Region II to Region III is attributable to a fracture mode change.

In comparing the fracture surfaces of the S-N specimens to those

from the propagation specimens it was observed that they were surprising-

ly similar (considering that the stress intensity gradient is much

higher for the S-N specimens) with the areas near the crack initiation

* points (S-N specimens) corresponding to the intermediate AK ranges
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(crack propagation specimens).
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7.0 CONCLUSIONS

The following conclusions about the test hypothesis can be drawn

from the experimental results:

1) The fatigue-crack growth rate of 2124-T851 aluminum (under

the given test conditions) is essentially unaffected when

the environment is changed from lab air to 3.5% sodium

chloride solution.

2) A 3.5% sodium chloride solution (as opposed to a lab air

environment) accelerates the initiation of fatigue cracks

in the material investigated by a 'significant' amount.

(This 'sionificant' amount is indicated by a drop in the

endurance limit of approximately 40% yield strength.)

3) An endurance limit appeared to be reached for the test

material when subjected to a 3.5% sodium chloride solution.

4) Pit growth in the test material could not be effectively

monitored by the photographic technique employed because

bubbles and corrosion debris effectively covered them.

5) Since the pit growth could not be monitored, empirical

pitting rates could not be evaluated.

6) Fatigue crack initiation from corrosion pits was poorly

predicted by a threshold stress intensity determined from

propagation data.

In addition, the following observations resulted from the work pre-

Osented:
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p.o-

..1) Pit size at initiation appears to decrease with increasing

maximum alternating stress level as would be expected.

2) A pit's a/2c ratio appears to be a function of maximum

stress level ( max) , with an increase in am. resulting

in an increase in the a/2c ratio.

1
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8.0 RECOMMENDATIONS

The following is a list of recommendations for further study and

experimentation. It is based on the results of this investigation and

Includes aspects of this investigation that could be improved.

1) Conduct more fatigue-crack growth tests to better evaluate

the FCP curve, expecially Ko0CP

2) Determine, by any method, pit growth rates under fatigue

loading so that accurate life predictions can be made.

3) Pitting upon cyclicly loaded materials should be studied

on specimens with a much larger surface area so as to

take into account the area dependence of pitting.

) Anays is of pit initiation under cyclic loading 5,,ould be

conducted in the form of more tests and examination of the

pitted surfaces.

5) Chemical and electrochemical conditions should be closely

monitored and controlled in future tests.

6) A three dimensional method should be developed for evaluating

the stress at a pit.

7) The stress-a?2c relationship should be further investigated.
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Fatigue Crack Growth Reduced Data
Specimen AF4
2124-T851 Aluminum
Sine Wave
Crack Length = .5013 + a'

Frequency = 10 Hz
R = 40.1
3.5% NaCI Solution Environment

P MaX(Ibs.) a'(in.) N(kilocycles) da/dN K (k s i ,/ n.)

(in./cycle)

1200 0.0996 --. 0 .. .. 0.0 --
1200 0.1109 50 2.260 E-7 4.07
1200 0.1287 100 3.560 E-7 4.11
1200 0.1375 150 1.760 E-7 4.13
1200 0.1505 200 2.600 E-7 4.17
1200 0.1626 250 2.420 E-7 4.20
1200 0.1731 300 2.100 E-7 4.23
1-200 0.3.963 350 4.640 E-7 4.30
1200 0.2106 400 2.860 E-7 4.34
1200 0.2138 450 6.400 E-8 4.35

i 0 9)Ar rnn A '4An r-" A AC

i20G 0.2632 550 3.540 E-7 4.51
1200 0.2848 600 4.320 E-7 4.59
1200 0.2958 650 2.200 E-7 4.63
1200 0.3170 700 4.240 E-7 4.71
1200 0.3461 750 5.820 E-7 4.82
1200 0.3761 800 6.000 E-7 4.95
1200 0.3909 850 2.960 E-7 5.01
1200 0.4088 900 3.580 E-7 5.09
1200 0.4436 950 6.960 E-7 5.24
1200 0.4659 1000 4.460 E-7 5.34
1200 0.4795 1050 2.720 E-7 5.40

0
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Fatigue Crack Growth Reduced Data
Specimen AF3
2124-T851 Aluminum
Sine Wave
Crack Length = .5021 + a'

Frequency = 10 Hz . -
R - +0.1
3.5% NaCl Solution Environment

Pmax(lbs.) af(in.) H(kilocycles) da/dN K(ksiA/TW.)
max ~~_ (in./cycle)_ _ _ _ _ _

1000 . 0.1345 0 0.0 --1000 0.1374 40 7.250 E-8 3.441000 0.1412 80 9.499 E-8 3.451000 0.1430 120 4.500 E-8 3.461000 0.1484 160 1.350 E-7 3.471100 0.1683 200 4.975 E-7 3.511200 0.1782 240 2.475 E-7 3.891200 0.1831 280 1.225 E-7 4.261200 0.1949 320 2.950 E-7 4.29
1200 0.2065 360 2.000 F-7 4, 1
.2...224 400 1.475 E-7 4.351200 0.2285 440 4.025 E-7 4.401200 0.2887 540 6.020 E-7 4.61
1200 0.3367 .640 4.800 E-7 4.791200 0.3740 690 7.460 E-7 4.941200 0.4047 740 6.140 E-7 5.071200 0.4289 790 4.840 E-7 5.181200 0.4796 840 1.014 E-6 5.411200 0.5285 890 9.780 E-7 5.651200 0.5793 940 1.016 E-6 5.901200 0.6320 990 1.054 E-6 6.181200 0.7087 1040 1.534 E-6 6.631200 .0.8373 1090 2.572 E-6 7.541200 r 0.9264 1120 2.970 E-6 8.361200 1.0745 1150 4.936 E-6 10.281200 1.2078 1160 1.333 E-5 12.941200 1.2411 1164 8.324 E-6 13.801200 1.2919 1166 2.495 E-5 15.271200 1.4971 1167 2.061 E-4 24.28
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Specimen AF2 (con't)

Pmax (lbs.) a'(in.) N(kilocycles) dafdN le(ksi/ i.)...... (in./cycle) _

800 1.0598 3620 8.149 E-07 6.63
800 1.0798 3640 1.000 E-06 6.64
800 1.1027 3660 1.144 E-06 7.09
800 1.1327 3680 1.500 E-06 7.46
800 1.1537 3690 2.100 E-06 7.73
800 1.1753 3700 2.160 E-06 8.03
800 - - 1-1901 3705 - 2.96U E-06 8.25
800 1.2026 3710 2.299 E-6 8.43
800 1.2186 3715 3.400 E-6 8.79
800 1.2332 3720 2.920 E-6 8.95
800 1.2508 3725 3.520 E-6 9.27
800 1.2721 3730 4.260 E-6 9.67
800 1.2999 3735 5.559 E-6 10.24
800 1.3320 3740 6.420 E-6 10.96
800 1.3454 3742 6.700 E-6 11.28
800 1.3589 3744 6.749 E-6 11.61
800 1.3792 3746 1.015 E-5 12.15

803 1.4305 3750 1.365 E-5 13.64
800 1.4667 3752 1.810 E-5 14.84
800 1.4918 3753 2.509 --5 15.74
800 1.5216 3754 3.980 E-5 17.31
800 1.5578 3754.5 5.239 E-5 18.44
800 1.5677 3754.7 4.974 E-5 18.89
800 1.5971 3754.9 1.470 E-4 20.29
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Fatigue Crack Growth Reduced Data
Specimen AF2
2124-T851 Aluminum
Sine Wave
Crack Length .500 + a' --- -

Frequency = 10 Hz
R = 40.1
Lab Air Environment

P ax(Ibs.) a'Rin.) N(kilocycles) da/dN K(ksivT.)
* ____________ (in./cycle) ______

800 0.4317 0 0.0 ""-

800 0.4345 50 5.600 E-08 3.45

800 0.4379 100 6.799-E-08 3.46

800 0.4450 200 7.100 E-08 3.48

800 0.4538 300 8.800 E-08 3.51

800 0.4619 400 8.100 E-08 3.53
800 0.4691 500 7.200 E-08 3.55
.800 0.4803 600 1.120 E-07 3.59

800 0.4904 700 1.010 E-07 3.62
800 0.5015 800 1.110 E-07 3.65
800 0.5015 ^ n^^ C A.
goo 0.5184 1000 8.900 E-U8 3.71
800 0.5252 1100 6.800 E-08 3.37
800 0.5296 1200 1.440 E-07 3.78
800 0.5486 1300 9.000 E-08 3.81

800 0.5565 1400 7.900 E-08 3.83

800 0.5745 1500 1.800 E-07 3.89
800 0.6004 1600 2.590 E-07 3.98
800 0.6071 1700 6.700 E-08 4.01
800 0.6225 1800 1.540 E-07 4.06
800 0.6360 1900 1.350 E-07 4.11
800 0.6546 2000 1.860 E-07 4.18
800 0.6714 2100 1.680 E-07 4.24
800 0.6902 2200 1.880 E-07 4.32
800 0.7059 2300 1.570 E-07 4.38
800 0.7201 2400 1.420 E-07 4.44
800 0.7333 2500 1.320 E-07 4.50
800 0.7481 2600 1.480 E-07 4.56
800 0.7636 2700 1.550 E-07 4.63
800 0.7807 2800 1.710 E-07 4.71
800 0.8005 2900 1.980 E-07 4.80
800 0.8233 3000 2.280 E-07 4.92
800 0.8468 3100 2.350 E-07 5.04
800 0.8716 3200 2.480 E-07 5.18

800 0.9047 3300 3.310 E-07 5.38

800 0.9239 3350 3.840 E-07 5.51

800 0.9416 3400 3.540 [-01 5.63



*1

Specimen AF1 (con't)

Pmax(lbs.) a'(in.) N(kilocycles) da/dN Ktksti-.)

- _ (in./cycle)

1000 1.2234 3895 8.400 E-6 10.89
1000 1.2270 3895.5 7.200 E-6 10.97
1000 1.2325 3896 1.100 E-5 11.03
1000 1.2371 3896.5 9.203 E-6 11.18
1000 1.2407 3897 7.200 E-6 11.26
1000 1.2440 3897.5 6.597 E-6 11.33
1000 1.2486 3898 9.199 E-6 11.43
1000 1.2510 3898.5 4.800 E-6 11.49
1000 1.2554 3899 8.02 E-6 11.59
1000 1.2585 3899.5 6.197 E-6 11.66
1000 1.2703 3900 2.360 E-5 11.94
1000 1.2745 3900.5 3.400 E-6 12.04
1000 1.2834 .3901 1.779 E-5 12.26
1000 1.2895 3901.5 1.219 E-5 12.41
1000 1.2950 3902 1.100 E-5 12.55
1000 1.3039 3902.5 1.780 E-5 12.79
1000 1.3114 3903 1.499 E-5 12.99
1000 1.3164 3903.5 1.n0 F-q il 11
100') 1.3234 3904 1,40^ E-5 13.31
1000 1.3366 3904.5 2.639 E-5 13.78
1000 1.3434 3905 1.359 E-5 13.90
1000 1.3529 3905.5 1.900 E-5 14.19
1000 1.3667 3906 2.759 E-5 14.63
1000 1.3732 3906.5 1.300 E-5 14.84
1000 1.3796 3907 1.280 E-5 15.05
1000 1.3974 3907.5 3.560 E-5 15.66
1000 1.4165 3908 3.819 E-5 16.35
1000 1.4326 3908.5 3.220 E-5 16.96
1000 1.4507 3909 3.620 E-5 17.69
1000 L4922 3909.5 8.300 E-5 19.49
1000 1.5401 3910 9,579 E-5 21.85

0
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Specimen AMl (can't)

m~ax (lbs.) al(in.) t(kilocycles) da/dN K(ksi 4-n-.)
________ ______ ______ ______ (in./cycle) _ _ _ _ _ _

1000 0.3373- 1740 1.51 E-7 3.96
1000 0.3434 1840 .5.60 E-8 3.98
1000 0.3642 1940 2.08 E-7 4.05
1000 0.3818 2040 1.76 E-7 4.11
1000 0.3926 2140 1.08 E-7 4.15
1000 0.4082 2240 1.56 E-7 4.20
1000 014315 2340 2.33 E-7 4.29
1000. 0.4526 2440 2.11 E-7 4.37
1000 0.4873 2540 3.47 E-7 4.50
1000 0.506? 2650 1.89 E-7 4.57
1000 .0.541§ 2740 3.57 E-7 4.72
1000.5720 2840 3.010 E-7 4.64

1000 0.6038 2940 3.180 E-7 4.98
1000 0.6248 3040 2.100 E-7 5.07
:1000 0.6310 3090 1.240 E-7 5.10
1000 0.6541 3140 4.620 E-7 5.21
1000 0.6627 3190 1.72 E-7 5.25
J.UUU U69 * 2.babi E-! t.j
1000 0.7190 3390 2.950 E-7 5.32
1000 0.7537 3490 3.470 E-7 5.71
1000 0.7940 3590. 4.120 E-7 5.95
1000 0.8453 3690 5.040 E-7 6.27
1000. 0.8968 3740 1.030 E-6 6.64
1000 0.9176 3760 1.040 E-6 6.80
1000 0.9315 3780 6.950 E-7 6.92
1000 0.9545 3800 1.150 E-6 7.12
1000 0.9773 3820 1.140 E-6 7.33
1000 1.0281 3840 2.539 E-6 7.86
1000 1.0722 3860 2.205 E-6 8.39
1000 1.1072 3870 3.500 E-6 8.87
1000 1.1181 3873 3.632 E-6 9.03
1000 1.1260 3876 2.633 E-6 9.15
1000 1.1392 3879 .4.399 E-6 9.36
1000 1.1493 3882 3.367 E-6 9.52
1000 1.1665 3885 5.732 E-6 9.81
1000 1.1844 3888 5.967 E-6 10.13
1000 1.1879 3889 3.500 E-6 10.19
1000 1.1935 2890 5.600 E-6 10.30
1000 1.1978 3891 4.300 E-6 10.38
1000 1.2043 3892 6.500 E-6 10.51
1000 1.2089 3893 4.598 E-6 10.60
1000 1.2162 3894 7.301 E-6 10.74
1000 1.2192 3894.5 5.996' E-6 10.0
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ratigue Crack Growth Reduced Data
Specimen AFI
2124-T851 Aluminum
Sine Wave
Crack Length = .496 + a'

Frequency = 10 Hz
R = 0.1
Lab Air Environment

P max (lbs.) a'(il.) N(kilocycles) da/dN (ksliTi.)(in./cycle)

1000 0.1269 0 0.0 --
1000 0.1282 20 6.50 E-8 3.40
1000 0.1437 120 1.55 E-7 3.44
1000 0.1502 160 1.62 E-7 3.45
1000 0.1580 200 1.95 E-7 3.47
1000 0.1620 240 9.99 E-8 3.47
1000 0.1675 230 1.37 E-7 3.49
1000 0.1769 320 2.35 E-7 3.51
1000 0.1776 360 1.75 E-8 3.51
1000 0.1801 400 6.25 E-8 3.52
1000 0.1868 440 1.67 E-7 3.53
1000 0.1892 480 6.00 E-8 3.54

1000 0.1931 560 3.50 E-8 3.55
1000 0.2023 600 2.30 E-7 3.57
1000 0.2045 640 5.75 E-8 3.58
1000 0.2084 680 9.49 E-8 3.58
1000 0.2133 720 1.22 E-7 3.60
1000 0.2175 760 1.05 E-7 3.61
1000 0.2242 800 1.67 E-7 3.63
1000 0.2295 840 1.32 E-7 3.64
1000 0.2349 880 1.35 E-7 3.65
1000 0.2394 920 1.12 E-7 3.67
1000 0.2463 960 1.72 E-7 3.69
1000 0.2508 1000 1.12 E-7 3.70
1000 0.2566 1040 1.45 E-7 3.71
1000 0.2612 1030 1.15 E-7 3.73
1000 0.2652 1120 1.00 E-7 3.74
1000 0.2678 1160 6.50 E-8 3.75
1000 0.2703 1200 6.25 E-8 3.75
1000 0.2777 1240 1.85 E-7 3.78
1000 0.2838 1280 1.52 E-7 3.70
1000 0.2881 1320 1.07 E-7 3.81
1000 0.2906 1360 6.25 E-8 3.81
1000 0.2936 1400 7.50 E-8 3.82
1000 0.2980 1440 1.10 E-7 3.84
1000 0.3120 1540 1.40 E-7 3.88
1000 0.3227 1640 1.07 E-7 3.91
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